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ABSTRACT 
Seismic geophysical methods have been used in the oil exploration industry since the 
1920's, but to-date civil engineers remain reluctant to incorporate seismic geophysical 
surveys routinely into ground investigations. The growing need to provide high quality 
estimates of ground movements around geotechnical structures, together with the 
appreciation that the majority of operational strains are less than 0.1%, has led to a 
demand for accurate stiffness values at small strain levels. 
This thesis investigates the use of seismic tests to provide ground stiffness values that can 
be used in geotechnical calculations, and evaluates, in engineering terms, the applicability 
of a number of field seismic geophysical methods to the site investigation industry. The 
ability of the surface-wave technique to detect layers of differing moduli is investigated 
in the controlled conditions of the laboratory. The study of the surface wave method 
continues in field environment of the practicing geotechnical engineer, where it is 
compared with the parallel crosshole and seismic cone penetration test. Results from all 
three field seismic geophysical tests are then compared with those from high-quality 
laboratory and self-boring pressuremeter tests. 
Surface wave testing carried out on a physical layered model, in conjunction with 
dynamic finite element modelling, shows that the surface wave method is able to identify 
layers of differing moduli. There are, however, certain ground geometries whereby the 
upper part of a high modulus layer may go undetected. An equation to estimate the depth 
to which stiffnesses are unobtainable is presented. A strategy integrating dynamic finite 
element analysis with results from field surface wave testing is also presented. In the field 
the practical benefits of using field seismic geophysical surveys, to provide, in addition 
to stiffness parameters, an upper stiffness bound by which stiffnesses obtained from other 
methods can be appraised, are clearly demonstrated. 
-1- 
ACKNOWLEDGEMENTS 
Sincere thanks go to my supervisors, Professor C. R. I. Clayton, Professor M. J. Gunn and 
Dr. V. S. Hope, for their advice and assistance throughout the course of this work. 
I would also like to take this opportunity to thank the many colleagues from the 
Department of Civil Engineering at the University of Surrey who have provided valuable 
and valued help with various aspects of laboratory and field work. Assistance has come 
from both academic and research staff, and in the form of technician and workshop 
support. 
Outside of the university several organisations and individuals have provided a variety 
of materials and services. Such organisations include Boode, U. K., the Building Research 
Establishment, Fugro Ltd., Smith System Engineering Ltd., Soil Mechanics Ltd., Surrey 
Geotechnical Consultants Ltd., the Surrey Research Park, Terrasearch Ltd. and Wellside 
Ltd. I am most grateful for all the help given by each of these organisations. On an 
individual basis I would like to thank Peter Jackson, Richard Marshall and Chris Russell 
for providing both technical expertise and muscle power in the field. Thanks must also 
go to the Consultant associated with the London clay site, presented as a case study in 
Chapter 4, for allowing access to the site and the report on the original ground 
investigation for the site. 
Interest in the subject began when the author carried out a final year undergraduate 
project at the University of Surrey under the supervision of Professor C. R. I. Clayton. 
On graduating the author became a member of the research staff at the University of 
Surrey, working on a research project funded by the Engineering and Physical Science 
Research Council. Work undertaken as part of that research project formed the basis of 
this thesis, and the author gratefully acknowledges the funding of the Engineering and 
Physical Science Research Council. 
Finally, on a personal note, I would like to express thanks to my husband, Peter, for his 
support throughout, and to my parents, who had to wait longer than most to go to a 
graduation ceremony. 
-ii- 
Applications of field seismic geophysics to the 
measurement of geotechnical stiffness parameters 
CONTENTS 
page 
Abstract 1 
Acknowledgements ii 
Contents iii 
List of Tables vii 
List of Figures x 
Notation xviii 
INTRODUCTION 1 
1.1 Definitions of stiffness 2 
1.2 Seismic theory 6 
1.3 Behaviour of soils at small and very small strains 16 
2 GROUND STIFFNESS AND ITS IMPORTANCE IN 20 
GEOTECHNICAL ENGINEERING: A REVIEW 
2.1 Introduction 20 
2.2 Parameters required for the prediction of ground movements 21 
2.3 Measurement of ground stiffness parameters 21 
2.3.1 Summary of field, laboratory and analytical methods of 21 
stiffness determination over the past three decades 
2.3.2 Measurement of ground stiffness at operational strains 25 
2.3.3 Ground models 28 
2.4 Current UK practice in obtaining stiffness parameters for the 31 
ground 
2.5 Limitations of the current approaches 34 
2.6 Potential of field seismic geophysics for stiffness parameter 36 
determination 
2.6.1 Historical background 37 
-iii- 
2.6.2 Seismic geophysical survey techniques 40 
2.6.3 Stiffness measurements obtained from field seismic 48 
geophysics 
2.6.4 Comparison of field and laboratory measurements of stiffness 50 
with those obtained from field seismic geophysics 
2.7 Summary 52 
3 PILOT SCALE LABORATORY EXPERIMENT ON A 58 
LAYERED MODEL 
3.1 Introduction 58 
3.2 Very small and small strain stiffness 58 
3.3 Preliminary design 59 
3.3.1 Selection of materials 59 
3.3.2 Trial on sand 63 
3.3.3 Location of the model 71 
3.3.4 Forward modelling 72 
3.4 Final model design 79 
3.5 Model construction 80 
3.5.1 Preliminary work 80 
3.5.2 Base layer 80 
3.5.3 Second layer 80 
3.5.4 Third layer 81 
3.6 Model testing 81 
3.6.1 Surface wave testing of base layer 81 
3.6.2 Interpretation of results for base layer 82 
3.6.3 Design re-evaluation 84 
3.6.4 Surface wave testing of two layer system 84 
3.6.5 Interpretation of results for two layer system 84 
3.6.6 Design re-evaluation 84 
3.6.7 Surface wave testing of three layer system 85 
3.6.8 Interpretation of results for three layer system 85 
3.7 Laboratory testing on samples taken from the model 85 
3.8 Summary 87 
-1V- 
4 A CASE STUDY IN THE LONDON CLAY 119 
4.1 Introduction 119 
4.2 Background information 119 
4.2.1 Details of the site 119 
4.2.2 The original site investigation 120 
4.2.3 Information obtained from the original site investigation 121 
4.3 Geophysical testing 123 
4.3.1 Parallel crosshole shear wave survey 123 
4.3.2 Surface wave survey 130 
4.3.3 Seismic cone shear wave survey 132 
4.4 Laboratory testing 134 
4.5 Interpretation of results 136 
4.6 Field example of a stiff layer of ground overlying a less stiff 139 
layer 
4.7 Summary 140 
5 DISCUSSION 165 
5.1 Introduction 165 
5.2 Detection of layered strata using the continuous surface wave 166 
technique 
5.3 Comparison of stiffness results from three field seismic 181 
geophysical techniques with those obtained from small strain 
laboratory and alternative in-situ field testing 
5.4 Field seismic geophysics and the measurement of geotechnical 206 
stiffness parameters 
6 CONCLUSIONS 236 
REFERENCES 243 
-v- 
APPENDICES 
Appendix A: Notes on bender element testing Al 
Appendix B: Notes on interpretation software used in this work B1 
Appendix C: Input for finite element analyses Cl. 
Appendix D: Shear wave velocity data from dynamic finite element D1 
analyses 
Appendix E: Error analysis E1 
Appendix F: Data from surface wave testing carried out on layered F1 
model 
Appendix G: Data from laboratory testing carried out on samples G1 
taken from the layered model 
Appendix H: Geophysical borehole specification III, 
Appendix I: Derivation of equations to estimate the magnitude and I1 
range of the redundant band of frequencies when a 
material of high stiffness overlies a less stiff material 
Appendix J: Derivation of equation to estimate the depth to which J1 
stiffness values are unobtainable when a material of 
low stiffness overlies a stiffer material 
Appendix K: List of associated publications K1 
-vi- 
LIST OF TABLES 
page 
Chapter 3 
Table 3.1 Summary of data from drained triaxial tests carried out on 89 
dry sands 
Table 3.2 Summary of uniaxial compression tests carried out on 90 
sand/cement mixes. Values of secant Young's modulus are 
quoted at 0.01 % strain and values of shear modulus are 
calculated assuming a value of 0.14 for Poisson's ratio. 
Table 3.3 Predicted range of frequencies for trial surface wave test on 91 
single layer of sand (surface wave velocities calculated 
assuming v=0.2) 
Table 3.4 Summary of results for trial surface wave test on single layer 91 
of medium dense sand (density = 1692 kg/m3) 
Table 3.5 Summary of results of forward modelling 92 
Table 3.6 Summary of shear wave velocity results from surface wave 93 
testing and compressional wave velocity measurements 
carried out on samples taken from the layered model 
Chapter 4 
Table 4.1 Summary of site investigation carried out in 1992 142 
Table 4.2 Parallel crosshole shear wave survey data (values of density 143 
required to calculate shear modulus have been interpolated 
from those tabulated in Table 4.5) 
Table 4.3 Surface wave survey data (values of density required to 144 
calculate shear modulus have been interpolated from those 
tabulated in Table 4.5) 
Table 4.4 Seismic cone shear wave survey data (values of density 146 
required to calculate shear modulus have been interpolated 
from those tabulated in Table 4.5) 
Table 4.5 Summary of unconsolidated undrained triaxial tests carried 147 
out on specimens from samples taken from borehole GP3 
-vi'- 
Appendix D 
Table D. 1 Shear wave velocity data from dynamic finite element D1 
analyses 
Appendix F 
Table F. 1 Data for surface wave test on base layer of physical model F1 
Table F. 2 Statistical data for surface wave test on base layer of physical F1 
model 
Table F. 3 Data for surface wave test on two layer system of physical F2 
model (sand/cement overlain by sand) 
Table F. 4 Statistical data for surface wave test on two layer system of F2 
physical model. For sand/cement layer, only data below d 
(refer to Figure 3.33) included. 
Table F. Sa Surface wave test on three layer system of physical model F3 
(sand/cement overlain by sand overlain by sand/cement). Data 
for base layer of sand/cement. 
Table F. Sb Surface wave test on three layer system of physical model F4 
(sand/cement overlain by sand overlain by sand/cement). Data 
for middle layer of sand. 
Table F. Sc Surface wave test on three layer system of physical model F5 
(sand/cement overlain by sand overlain by sand/cement). Data 
for top layer of sand/cement. 
Table F. 6 Statistical data for surface wave test on three layer system of F5 
physical model. For lower sand/cement layer, only data 
below d (refer to Figure 3.34) included. 
Table F. 7 Effect of overburden on the stiffness of the sand layer. F6 
Predicted value of G. calculated assuming G or (pa')1 
Appendix G 
Table G. 1 Shear wave velocity results calculated from compressional G1 
wave velocity measurements 
Table G. 2 Statistical data for shear wave velocity results calculated from G2 
compressional wave velocity measurements 
-viii- 
Table G. 3 Stiffness results from static compression tests carried out on G2 
a limited number of specimens 
Table G. 4 Statistical data for stiffness results from static compression G2 
tests 
-1X- 
LIST OF FIGURES 
page 
Chapter 1 
Figure 1.1 Idealised representation of stiffness variation with strain 19 
Chapter 2 
Figure 2.1 Undrained Young's modulus - depth profiles for London clay 55 
(after Clayton et al., 1991). Results from unconsolidated 
undrained triaxial tests which form part of the case study 
described in Chapter 4 are included. Strain levels at which 
moduli are quoted are shown in parenthesis. 
Figure 2.2 New Palace Yard movement at ground level. Measured 56 
values are for East wall total (after Simpson et al., 1979). 
a) setllement b) horizontal movements 
Figure 2.3 Comparison of observed settlement profile of the ground with 57 
the prediction of the homogeneous elastic constitutive law 
(Boussinesq) and with the prediction of the non-homogeneous 
elastic constitutive law (finite element). Mundford test tank 
(after Burland et al., 1973). 
Figure 2.4 Schematic representation of equipment typically used for 57 
seismic surveys 
Chapter 3 
Figure 3.1 Accommodation of bender elements into a standard triaxial 94 
cell 
Figure 3.2 Typical graph of secant Young's modulus against log (local 94 
axial strain (%)) in the small strain region for dry sand 
Figure 3.3 Typical graph comparing shear moduli of dry sand calculated 95 
from: a) local strain measurement (G,,,,., ) and 
b) shear wave velocity measurement (G,,, ) 
Figure 3.4 Typical graph of secant Young's modulus against log (local 95 
axial strain (%)) for sand/cement 
Figure 3.5 Schematic diagram of geophone 96 
-X- 
Figure 3.6 Layout of seismic source and receivers for trial surface wave 97 
test on single layer of sand: 
a) Schematic representation 
b) Actual equipment 
Figure 3.7 Minimum and maximum equivalent depths to aid calculation 98 
of required frequency range for trial surface wave test on 
single layer of sand 
Figure 3.8 Shear wave velocity / G,, ý against equivalent depth for trial 98 
surface wave test on single layer of sand 
Figure 3.9 Frequency response curves for SM6 B geophone 99 
Figure 3.10 Bode plot of analogue filters at 4 Hz (high pass) and 2000 Hz 99 
(low pass) 
Figure 3.11 Typical displacement-time waveforms displayed on 100 
oscilloscope screen 
Figure 3.12 Comparison of phase differences obtained from FFT output, 101 
oscilloscope and phase meter: 
a) Comparison of measured phase differences 
b) Comparison of corrected phase differences 
Figure 3.13 Summary of conditions for finite element analyses: series 1 102 
a) Pit b) Free standing model 
Figure 3.14 Summary of conditions for finite element analyses: series 2 102 
a) Free standing model (sand/cement parameters) 
b) Free standing model (conditions for trial on sand) 
Figure 3.15 Summary of conditions and results for finite element 103 
analyses: series 3 
a) Conditions b) Results 
Figure 3.16 Summary of conditions and results for finite element 104 
analyses: series 4 
a) Conditions b) Results 
Figure 3.17 Summary of conditions and results for finite element 105 
analyses: series 5 
a) Conditions b)Results 
Figure 3.18 Summary of conditions and results for finite element 106 
analyses: series 6 
a) Conditions b) Results 
-xi- 
Figure 3.19 Summary of conditions and results for finite element 107 
analyses: series 7 
a) Conditions b) Results 
.1 
Figure 3.20 Summary of conditions and results for finite element 108 
analyses: series 8 
a) Conditions b) Results 
Figure 3.21 Completed formwork 109 
Figure 3.22 Laying the base layer: mixing the sand/cement 109 
Figure 3.23 Laying the base layer: placing the sand/cement 110 
Figure 3.24 Laying the base layer: compacting the sand/cement 110 
Figure 3.25 Completed base layer 111 
Figure 3.26 Completed two layer system 111 
Figure 3.27 Completed three layer system 111 
Figure 3.28 Layout of seismic source and receivers for surface wave tests 112 
on layered model: 
a) Schematic representation 
b) Actual equipment 
Figure 3.29 Detail of accelerometer 113 
Figure 3.30 Instrumentation used and its linkage to seismic source and 114 
receivers: 
a) Instrumentation 
b) Linkage of instrumentation to seismic source and receivers 
Figure 3.31 Equivalent depth versus shear wave velocity for base layer of 115 
sand/cement mix 
Figure 3.32 Method of attaching accelerometers to sand surface 115 
Figure 3.33 Equivalent depth versus shear wave velocity for layer of 116 
sand/cement mix overlain by sand 
Figure 3.34 Equivalent depth versus shear wave velocity for layer of 117 
sand/cement mix overlain by sand overlain by sand/cement 
mix 
Figure 3.35 Schematic representation of apparatus used to measure the 118 
velocity of compressional waves through sand/cement 
-Xll- 
Figure 3.36 Schematic representation of apparatus used to measure small 118 
strain secant Young's modulus of sand/cement 
Chapter 4 
Figure 4.1 Plan of borehole configuration 148 
Figure 4.2 Undrained Young's modulus against depth from self-boring 148 
pressuremeter and original unconsolidated undrained triaxial 
tests 
Figure 4.3 200 Hz signal aliasing at 50 Hz when sampled at 250 Hz 149 
Figure 4.4 Schematic representation of field equipment set up for parallel 149 
crosshole shear wave survey 
Figure 4.5 Typical frequency spectrum of a received shear wave 150 
produced by the Bison hammer 
Figure 4.6 Example of seismograph records from "up" and "down" 150 
blows of the Bison hammer overlaid 
Figure 4.7 Depth versus shear wave velocity for parallel crosshole shear 151 
wave survey 
Figure 4.8 Use of phase trigger to improve signal quality at low 152 
frequencies 
a) Without phase trigger 
b) With phase trigger (10 stacks) 
Figure 4.9 Schematic representation of field equipment set up for surface 152 
wave survey 
Figure 4.10 Equivalent depth versus shear wave velocity for surface wave 153 
survey 
Figure 4.11 Equivalent depth - shear wave velocity profiles from surface 154 
wave survey assigning equivalent depths of A/2 and A/3 to the 
shear wave velocities 
Figure 4.12 Schematic representation of field equipment setup for seismic 155 
cone shear wave survey 
a) Side elevation b) Front elevation 
Figure 4.13 Depth versus shear wave velocity for seismic cone shear 156 
wave survey 
-Xlll- 
Figure 4.14 Undrained Young's modulus - depth profile from 157 
unconsolidated undrained triaxial tests with local axial strain 
and mid-plane pore water pressure measurement 
Figure 4.15 Shear wave velocity - depth profiles from three field seismic 158 
geophysical surveys. Two profiles from surface wave results 
are shown using equivalent depths of X/2 and X/3. 
Figure 4.16 Undrained Young's modulus - depth profiles from 159 
unconsolidated undrained triaxial tests (uncorrected for 
changes in effective stress) and parallel crosshole shear wave 
survey 
Figure 4.17 In-situ and laboratory mean effective stress - depth profiles 160 
from self-boring pressuremeter and laboratory tests 
respectively 
Figure 4.18 Undrained Young's modulus - depth profiles from 161 
unconsolidated undrained triaxial tests and parallel crosshole 
shear wave survey. The two profiles from the unconsolidated 
undrained triaxial tests show results uncorrected and corrected 
for the changes in mean effective that have occurred as a 
result of the sampling process. 
Figure 4.19 Shear wave velocity - equivalent depth profile from surface 162 
wave survey carried out at the University of Surrey site 
Figure 4.20 Comparison of shear wave velocity - equivalent depth profiles 163 
from surface wave surveys carried out at two London clay 
sites 
Figure 4.21 Shear modulus - depth profiles from unconsolidated undrained 164 
triaxial tests, self-boring pressuremeter tests and parallel 
crosshole shear wave survey 
Chapter 5 
Figure 5.1 High stiffness material overlying less stiff material: 215 
a) Schematic representation of high stiffness material 
overlying an infinitely deep less stiff material 
b) Results of dynamic finite element analysis for high 
stiffness material overlying less stiff material showing 
frequency values used in the analysis 
-Xiv- 
Figure 5.2 Low stiffness material overlying stiffer material: 216 
a) Schematic representation of low stiffness material 
overlying an infinitely deep stiffer material 
b) Results of dynamic finite element analysis for low stiffness 
material overlying stiffer material showing zones of high 
stiffness lower layer where shear wave velocities are 
unobtained and underestimated 
Figure 5.3 Low stiffness layer sandwiched between two higher stiffness 217 
layers 
Figure 5.4 High stiffness layer sandwiched between two lower stiffness 217 
layers 
Figure 5.5 Shear wave velocity - equivalent depth profiles from 218 
continuous surface wave tests carried out at each stage during 
the construction of the layered model 
Figure 5.6 Maximum shear modulus - equivalent depth profile from 219 
continuous surface wave tests on completed layered model 
Figure 5.7 Use of shear wave velocity - equivalent depth profile and d 220 
to determine the location of the material interface between the 
middle sand and lower sand/cement layer and hence the full 
extent of the less stiff middle layer 
Figure 5.8 Shear wave velocity - equivalent depth profiles from surface 221 
wave tests carried out on two layer stage of physical model 
(sand/cement overlain by sand) and from forward modelling 
Figure 5.9 Maximum shear modulus - equivalent depth profile from 222 
continuous surface wave tests on completed layered model 
and from compressional wave velocity (Vp) measurements 
carried out on samples taken from the layered model 
Figure 5.10 Maximum shear modulus - depth profiles from field seismic 223 
geophysical surveys in the London clay 
Figure 5.11 Modes of shear involved in a downhole or seismic cone 224 
penetration test and a parallel crosshole survey: 
a) Use of sledge hammer to produce vertically transmitted, 
horizontally polarised shear waves as in a downhole or 
seismic cone penetration test 
b) Use of shear wave hammer to produce horizontally 
transmitted, vertically polarised shear waves as in a parallel 
crosshole survey 
Figure 5.12 Masking out of low modulus layers in the parallel crosshole 225 
test (after Pinches and Thompson, 1990) 
-Xv- 
Figure 5.13 Ratio of maximum shear moduli obtained from parallel 226 
crosshole and seismic cone tests 
Figure 5.14 Shear wave velocity - depth profiles comparing results from 227 
parallel crosshole survey and surface wave survey. Equivalent 
depths of A/3 were assigned to shear wave velocity values 
obtained from the surface wave survey. 
Figure 5.15 Shear wave velocity - depth profiles comparing results from 228 
parallel crosshole survey and surface wave survey. Equivalent 
depths of X/2 were assigned to shear wave velocity values 
obtained from the surface wave survey. 
Figure 5.16 Shear wave velocity - depth profiles comparing results from 229 
parallel crosshole survey and surface wave survey. Equivalent 
depths of X/1.5 were assigned to shear wave velocity values 
obtained from the surface wave survey. 
Figure 5.17 Mean effective stress - depth profiles from self-boring 230 
pressuremeter and small strain laboratory tests 
Figure 5.18 Comparison of undrained Young's modulus - depth profiles 231 
uncorrected and corrected for changes in effective stress 
Figure 5.19 Comparison of maximum shear modulus - depth profiles from 232 
parallel crosshole surveys carried out at three London clay 
sites 
Figure 5.20 Comparison of unload-reload moduli from SBP testing 233 
(average arm analysis) with shear moduli from parallel 
crosshole and UU laboratory tests. Strain levels at which 
SBP tests carried out are marked next to data points. 
Figure 5.21 Comparison of unload-reload moduli from SBP7 (individual 234 
arm analysis) with shear moduli from parallel crosshole and 
UU laboratory tests. Strain levels at which SBP tests carried 
out are marked next to data points. 
Figure 5.22 Comparison of unload-reload moduli from SBP testing 235 
(average arm analysis) with shear moduli from parallel 
crosshole and UU laboratory tests. Strain levels have been 
corrected according to the method suggested by Jardine 
(1992). Corrected strain levels are marked next to data 
points. 
-Xvi- 
Appendix C 
Figure C. 1 Diagrammatic representation of fixity conditions used in finite C6 
element analysis 
Appendix I 
Figure I. 1 High stiffness material overlying an infinitely deep less stiff I1 
layer 
Appendix J 
Figure J. 1 Low stiffness material overlying an infinitely deep stiffer J1 
layer 
Figure J. 2 Effect of low stiffness material overlying an infinitely deep J4 
stiffer layer: 
a) Frequency f penetrates full thickness x of low stiffness 
material 
b) Same frequency f penetrates greater thickness x' of higher 
stiffness material 
-xvii- 
NOTATION 
B pore pressure coefficient 
b rate of heterogeneity 
b dimensionless rate of heterogeneity 
Ca function of Poisson's ratio 
cu undrained shear strength 
D horizontal distance from seismic source to receiver (in the context of a 
refraction survey) 
d distance, seismic receiver separation 
deq equivalent depth 
d thickness of a high stiffness layer to which stiffness values are unobtainable or 
underestimated when that layer is overlain by a less stiff layer 
E Young's modulus 
Enm maximum Young's modulus 
Eye, secant Young's modulus 
Eba Young's modulus back calculated from field measurements 
E; initial Young's modulus obtained from pressuremeter testing 
Eur unload-reload (Young's) modulus from pressuremeter testing 
Eh Young's modulus in the horizontal plane 
E, Young's modulus in the vertical planes 
Eu undrained Young's modulus 
E' drained Young's modulus 
E0.01 Young's modulus at 0.01% strain 
E0.1 Young's modulus at 0.1 % strain 
e voids ratio 
f frequency 
G shear modulus 
G. maximum shear modulus 
GP shear modulus obtained from pressuremeter testing 
G; initial shear modulus obtained from pressuremeter testing 
Gur unload-reload (shear) modulus from pressuremeter testing 
G,, shear modulus obtained from local axial strain measurement 
GSei c shear modulus obtained from field seismic geophysical tests GStý& static shear modulus predicted from field seismic geophysical tests 
G undrained shear modulus 
G' drained shear modulus 
Gb,, shear modulus for horizontal shear in the horizontal plane 
G,, h shear modulus for horizontal shear in the vertical plane 
Ge shear modulus for vertical shear in the horizontal plane 
G , shear modulus 
for vertical shear in the vertical plane 
G, shear modulus obtained from surface wave test 
G0.001 shear modulus at 0.001 % strain 
GO. 01 shear modulus at 0.01 % strain 
Go., shear modulus at 0.1 % strain 
K bulk modulus 
K, undrained bulk modulus 
K' drained bulk modulus 
-Xviil- 
K, bulk modulus of water 
Ký, coefficient of earth pressure at rest 
k increase of velocity with depth 
L index of linearity 
m velocity gradient 
m, compressibility 
n number of stacks on a seismic record 
P'i, -s; ru 
in-situ mean effective stress 
p'0 laboratory mean effective stress measured at the start of shearing 
T travel time 
t travel time 
to time of initiation of a body wave 
tl time elapsed between triggering the seismograph and the body waves reaching 
the first receiver 
t2 time elapsed between triggering the seismograph and the body waves reaching 
the second receiver 
V velocity at depth z 
VO velocity at test depth 
Vl velocity of propagation of body waves in the lower layer (in the context of a 
refraction survey) 
V velocity of propagation of body waves in the upper layer (in the context of a 
refraction survey) 
V, velocity of propagation of compressional (P) waves 
Vp h velocity of propagation of horizontally transmitted compressional waves 
V, ' velocity of propagation of vertically transmitted compressional waves Vr velocity of propagation of Rayleigh waves 
Vr velocity of propagation of surface waves 
Va velocity of propagation of shear (S) waves 
Vs,, velocity of propagation of horizontally polarised shear waves 
VS" velocity of propagation of vertically polarised shear waves 
Vs h, velocity of propagation of horizontally transmitted, horizontally polarised shear 
waves 
V, by velocity of propagation of horizontally transmitted, vertically polarised shear 
waves 
V, vh velocity of propagation of vertically transmitted, horizontally polarised shear 
waves 
Vg W velocity of propagation of vertically transmitted, vertically polarised shear 
waves 
vo seismic velocity at the surface (in the context of a refraction survey) 
v specific volume 
x distance 
x layer thickness 
z depth 
z depth coordinate with origin at test depth 
[S] stiffness matrix 
-xix- 
E strain 
Ea axial strain 
Cr radial strain 
E', normal strain in x direction 
Ey,, normal strain in y direction 
Ea normal strain in z direction 
EX,, shear strain in xy plane 
EyZ shear strain in yz plane 
Eu shear strain in zx plane 
7 angle between plane of constant phase and the vertical 
X wavelength 
Uh in-situ total horizontal stress 
a, normal stress in x direction 
an, normal stress in y direction 
U ,Z normal stress 
in z direction 
v, Y shear stress 
in y direction acting on a plane perpendicular to x axis 
QY, shear stress in z direction acting on a plane perpendicular to y axis 
or,,, shear stress in x direction acting on a plane perpendicular to z axis 
at effective stress 
p density 
v Poisson's ratio 
vh, Poisson's ratio for the effect of horizontal stress on complimentary horizontal 
strain 
vhv Poisson's ratio for the effect of horizontal stress on vertical strain 
vvh Poisson's ratio for the effect of vertical stress on horizontal strain 
v Poisson's ratio for undrained loading conditions 
v' Poisson's ratio for drained loading conditions 
0 phase angle between signals 
Addendum 
A independent elastic parameter for cross anisotropic material (see equation [1.16]) 
C independent elastic parameter for cross anisotropic material (see equation [1.17]) 
F independent elastic parameter for cross anisotropic material (see equation [1.18]) 
L independent elastic parameter for cross anisotropic material (see equation [1.19]) 
N independent elastic parameter for cross anisotropic material (see equation [1.20]) 
-xx- 
APPLICATION OF FIELD SEISMIC GEOPHYSICS TO THE MEASUREMENT 
OF GEOTECHNICAL STIFFNESS PARAMETERS 
CHAPTER 1 INTRODUCTION 
Geophysics can be broadly defined as the study of the earth by quantitative physical 
methods. One such method, involving seismic techniques, has traditionally made use of 
elastic waves to map subsurface geological structure and stratigraphic features. Although 
seismic methods, which historically have been used predominantly by the petroleum 
exploration industry, have a role in civil engineering, to date field seismic geophysics is 
rarely incorporated into land based ground investigations. 
A number of field seismic geophysical tests are capable of determining ground stiffness 
values at the strain levels at which the test takes place. These strain levels, thought to be 
less than 0.001% (Schultheiss, 1981; Stokoe and Nazarian, 1985), have lead to 
geotechnical engineers rejecting the use of such methods in the past to provide ground 
stiffness values for use in engineering design calculations or ground settlement 
predictions. It is now accepted that the majority of operational strains are less than 0.1 % 
(Jardine et al., 1986) and that the margin by which field seismic geophysical tests 
overestimate ground stiffness values is relatively small. This opens the way for such 
techniques to be valuable to the geotechnical engineer. 
An increasing number of projects in the U. K. require high quality estimates to be made 
of ground movements around excavations, tunnels or shafts due to the sensitivity of the 
surrounding structures. Key parameters required to make these predictions are those 
associated with ground stiffness. This work investigates the use of seismic waves to 
provide ground stiffness values that can be used in geotechnical calculations, and 
evaluates, in engineering terms, the applicability of a number of field seismic geophysical 
survey techniques to the site investigation industry. The aim of this introduction is to 
provide the background information and definitions necessary to put the work presented 
-1- 
in this thesis into the wider context of current geotechnical engineering and engineering 
geophysics theory and practice. 
1.1 Definitions of stiffness 
When the ground is subjected to changes in effective stress, &a , changes in strain, be, 
occur. For homogeneous linear elastic behaviour, these changes are governed by the 
generalised form of Hooke's Law, which can be expressed as: 
1501 = 
ISS] 
{SE} [1.1] 
where [S] is the stiffness matrix. In the case of full anisotropy, that is where the elastic 
properties of a material depend on the orientation of the sample, six independent effective 
stress increments are related to six independent strain increments by a6x6 stiffness 
matrix. Thermodynamic considerations (Love, 1944; Lekhnitskii, 1963) dictate that this 
matrix is symmetric, thus the thirty six elements include twenty one independent elastic 
constants (see equation [1.2]). Terms duplicated due to symmetry have been omitted for 
clarity. 
Sall S11 S12 S13 S14 S15 S16 SE11 
SQL S22 S23 S24 S25 S26 8E22 
S0.33 
_ 
S33 S34 S35 S36 8633 
SQ12 S44 S45 
`s46 
8£12 
SQ23 S55 S56 5823 
[8a31J 
S66. S£31 
Ascertaining values of the twenty one independent elastic constants, which are functions 
of material properties, stress state and stress history, is a formidable task. This is 
exacerbated in the case of the ground, which cannot be expected to have homogeneous 
stiffness properties either in plan or with depth. Fortunately, most engineering materials 
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show more limited forms of anisotropy because they possess properties of symmetry 
about one or more planes or axes (Gould, 1994). Soils are an example of this since they 
have usually been deposited by sedimentation followed by anisotropic consolidation over 
a long period of time (Barden, 1963). This leads to one set of properties in the x-y or 
horizontal plane (E1, and vth) and another set for the z or vertical direction and the 
coupling between the horizontal and vertical directions (E,,, vvh, vh, and Gvh) where Eh, 
vE,,, vvh, vhv and GVh are defined as for equation [1.3] (Britto and Gunn, 1987). This 
is an example of a transverse isotropic material, that is a material where the properties 
are the same in two orthogonal directions but different in the third orthogonal direction. 
In the case of soils, where the properties are the same in both horizontal directions, x and 
y, and different in the vertical direction, z, the material is often referred to as cross 
anisotropic. Although there are processes that lead to the formation of soils with stresses 
varying in different horizontal directions, for example, moving ice sheets, erosion, 
solifluction (Graham and Houlsby, 1983), the assumption of cross anisotropy is most 
commonly made for soils. For cross anisotropy the stiffness matrix reduces to five 
independent elastic constants and the equations relating increments of stress to increments 
of strain are given in matrix form in equation [1.3] (Poulos and Davis, 1974). Zeros have 
been omitted for clarity. 
ox, 
oy, 
7= 
0lw 
oy. 
Q- 
Eh(1-vhvvvh) 
(1+Vhh)(1-Vhh-2vhv 
vh) 
Eh(yhh+Vhvyvh) 
(l+vhh)(1-vhh-2vhvvvh) 
Ehyvh 
(1-vM-2vhVvVh) 
Eh(yhh+yhvyvh) Ehyvh 
(1+vhh)(1-vom, -2vh, v, ) (1-vom, -2vk, vh) 
Eh('-v,,,, vvh) EhvVh 
(1+vM)(1-vM-2vh, v) (1-vM-2vh, v,, h) 
Ehv 
(1-vM-2vß vom) 
The following definitions apply: 
Eh: Young's modulus in the horizontal plane; 
E,,: Young's modulus in the vertical planes; 
E(1-v,, ) 
(1-VM-ZvhvVvh) 
sxr 
E», 
Ea 
EXY 
Eh En 
2(l+vM) 
E A Gy 
[1.3] 
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GVh: shear modulus for horizontal shear in the vertical plane; 
vs,: Poisson's ratio for the effect of horizontal stress on complementary horizontal 
strain; 
vhv: Poisson's ratio for the effect of horizontal stress on vertical strain. 
A further non-independent elastic constant has been used in equation [1.3]: 
vvh: Poisson's ratio for the effect of vertical stress on horizontal strain, where 
(En/BV) = (vhv/vYn) 
The assumption that the ground can be idealised as a homogeneous, isotropic, elastic half 
space further reduces the stiffness matrix to two independent elastic constants. Although 
in reality this is unlikely to be the case, the assumption is still made, for example if the 
Boussinesq model is used to calculate settlements. The equations relating increments of 
stress to increments of strain for the isotropic condition are given in matrix form in 
equation [1.4]. Zeros have been omitted for clarity. 
(1-v) vvE kIY 
v (1-v) v II£Yy 
0ý- 
=ýEvv 
(1-v) £= [1.4] 
a,, y 
[(1-2v)(1+v)] 
(0.5-v) -OX, 
a (0.5-v) En 
(0.5-v) 
In equation [1.4] the stiffness of an isotropic material has been fully described by the two 
elastic constants; Young's modulus, E, and Poisson's ratio, v. It is often more convenient 
to use two further elastic constants, namely shear modulus, G, and bulk modulus, K, 
where: 
G= E 
2(1+v) 
[1.5] 
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K=E [1.6] 
3(1-2v) 
DE 
v= QE' 
[1.7] 
and fa: axial strain; 
Er: radial strain. 
Although Young's modulus is readily measured in the laboratory, it suffers the 
disadvantage that under drained conditions both volumetric strains and shear distortion 
occur. Hence drained values of Young's modulus, E', are different from those measured 
under undrained conditions, E. Bulk modulus relates a change in stress to a change in 
volume with no accompanying shear distortion; bulk modulus is thus a measure of the 
volumetric aspect of deformation. For drained conditions the bulk modulus, K', is given 
by: 
K'= El 
3(1-2vb) 
where: 
v ': Poisson's ratio for drained loading conditions 
[1.8] 
In practice saturated soil in the undrained condition is not incompressible, but rather 
many times (several orders of magnitude) less compressible than in the fully drained state 
(Bishop and Hight, 1977). It can be shown (Britto and Gunn, 1987) that a reasonable 
approximation for the undrained bulk modulus, K,,, is given by: 
Ku = 
(i+! ) 
K [1.9] 
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where: 
e: voids ratio; 
K,,,: bulk modulus of water. 
Shear modulus relates shear stress to shear strain at a constant volume and is thus a 
measure of the distortional aspect of deformation. The shear modulus, G, is independent 
of drainage conditions, so that the undrained shear modulus, G., is the same as the 
drained shear modulus, G, and in an isotropic material is equal to one third of the 
undrained Young's modulus, E (see equation [1.10]). 
Gu=G'=G= 
E 
[1.10] 
The shear modulus, G, is therefore an important parameter because it controls undrained 
deformations. 
1.2 Seismic theory 
Seismic geophysical testing methods are of use to geotechnical engineers because the 
velocity of propagation of a wave or impulse in an elastic body is a function only of the 
modulus of elasticity, Poisson's ratio and the density of the material (Hvorslev, 1949). 
Traditionally most seismic methods have assumed isotropic elastic conditions and have 
utilised compressional waves. However, four types of elastic wave, all of which travel 
at different velocities, may be propagated when energy, for example mechanical energy, 
is transferred to the ground in the form of seismic energy. The energy impulses produce 
primary (P, or compression) waves, secondary (S, or shear) waves, Rayleigh waves 
and/or Love waves (Telford et al., 1990). P- and S-waves are known collectively as body 
waves; Rayleigh and Love waves are termed surface waves. The ground motion resulting 
from the energy input is detected by surface or sub-surface receivers. 
The oil exploration industry has been using seismic surveys since about 1920 (Lavergne, 
1989) and traditionally it has used P-waves, although the seismic sources used invariably 
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produce both types of body wave and surface wave. P-waves are easy to detect because 
they arrive at the receiver before any other waves. The onset of S-waves is more difficult 
to detect (Ballard and McLean, 1975), their arrival possibly being masked by the 
presence of P-waves. However, by reversing the polarity of the source input, the shear 
waves themselves reverse (Stokoe and Abdel-razzak, 1975; Stokoe and Hoar, 1978; 
Ballard et al., 1983). Hence if the two amplitude - time traces are superimposed, 
providing there are no near-field effects (Sanchez-Salinero et al., 1986), the shear wave 
arrival can be identified by the first reversal of the wave train. 
Work undertaken to determine the in-situ acoustic parameters of sediments has shown that 
the speed with which P-waves travel through the sediment depends on, inter alia, the 
nature and amount of void filling fluid and how the voids are distributed throughout the 
main body of the material. P-wave velocity is found to decrease with increasing porosity 
(Toksöz et al., 1976) and, in the case of porous rocks, is higher when the rock is 
saturated with water than when it is dry or gas-saturated (Tokzöz et al., 1976). For 
partially saturated rocks, a small amount of air can reduce the P-wave velocity 
significantly, possibly to a value below that for dry conditions. Theoretical studies (Biot, 
1956; Paterson, 1956) predict that in porous materials containing a compressible fluid two 
P-waves result, a "frame" wave and a "fluid" wave. The "frame" wave travels through 
the fabric of the material and the "fluid" wave propagates through the pore fluid. Both 
types of wave have been observed experimentally (Schultheiss, 1981; Bonnet et al., 1988; 
Nakagawa et al., 1997) and values of "frame" wave velocities have been used to narrow 
the gap between so called static and dynamic stiffness values (Schultheiss, 1981). In 
practice, if the "fluid" wave velocity is greater than the "frame" wave velocity, it will 
be difficult to detect the arrival of the "frame" wave. 
P-waves apply volumetric strains to the soil, and hence P-wave velocity is controlled by 
the bulk modulus of the ground. The frequency of P-waves is high, typically 200-2000 
Hz (Stokoe and Hoar, 1978), which means that the loading condition is undrained so that 
the P-wave velocity will be dominated by the undrained bulk modulus of the ground, 
which in the case of saturated soils is effectively controlled by the bulk modulus of water 
(refer to equation [1.9]). This means that in the near-surface saturated, uncemented 
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materials often encountered in the UK, the P-wave velocity will be a function of the bulk 
modulus of water, rather than the soil skeleton. Given that the bulk modulus of saturated 
water is high (about 2000 MPa), and the shear modulus of near-surface soil is low (for 
example, the shear modulus of London clay is of the order of 40 MPa near ground 
surface), a more-or-less constant value of P-wave velocity of about 1500 m/s will be 
obtained in soils, even when heavily overconsolidated (Hoar and Stokoe, 1978). Equation 
[1.11] gives the relationship between P-wave velocity, bulk modulus, shear modulus and 
bulk density for a homogeneous, isotropic, elastic medium. 
(K 
+ 3G) 
P 
where: 
Vp: P-wave velocity 
p: bulk density 
[1.11] 
For the example given above, substituting appropriate values for water (K = 2000 MPa, 
G=0, p= 1000 kgm73) into equation [1.11] gives a compressional wave velocity, VP, 
of 1414 ms''. Similarly substituting appropriate values for London clay soil skeleton, that 
is drained parameters, (K' = 50 MPa, G= 40 MPa, p= 2000 kgm-3) gives a 
compressional wave velocity, Vp, of 227 ms-1. 
From a geotechnical point of view this means that in the case of near-surface saturated, 
uncemented materials, where the P-wave velocity through the soil skeleton is slower than 
the P-wave velocity through the pore fluid (water), as in the worked example above, the 
arrival of the "fluid" wave will be detected as the P-wave arrival. The P-wave velocity 
subsequently calculated will not, therefore, reflect the stiffness of the soil. For saturated 
rocks, that have a much higher degree of cementation and more rigid skeletal structure, 
the "frame" wave will travel faster than the "fluid" wave, and hence calculated P-wave 
velocities will be representative of rock stiffness. 
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S-waves apply shear distortion to the ground. The S-wave velocity, therefore, is constant 
regardless of the rate at which the loading is applied, since no drainage as a result of 
volumetric loading is required. For a homogeneous, isotropic, elastic medium the shear 
wave velocity can be calculated from equation [1.12]. 
V$ 
lPl 
where: 
VS: S-wave velocity 
[1.12] 
The properties of saturating fluids and variations in saturation conditions have greater 
effects on P-wave velocities than on S-wave velocities (Toksöz et al., 1976), for example 
small changes in saturation conditions bring about significant changes in P-wave 
velocities. S-wave velocities are therefore less dependent on pore fluid conditions than 
P-wave velocities, and since the bulk density of soils and rocks does not vary a great 
deal, variations in S-wave velocity will reflect variations of ground stiffness. 
Furthermore, the results of a shear-wave survey may be able to reflect the effects of in- 
situ features such as fracturing, weathering and natural variability; laboratory testing and 
small-scale field testing (for example, using the pressuremeter) are unlikely to be of value 
under such conditions. The dependence of P-wave velocities on the undrained bulk 
modulus means that from a geotechnical point of view, P-wave surveys will not generally 
be useful unless the ground is only partially saturated, that is for values of pore pressure 
parameter, B, much less than 1, or the skeletal compressibility is less than or equal to 
the compressibility of the pore water. Shear-wave surveys, although potentially more 
difficult to interpret, are therefore of considerably more value than P-wave surveys for 
geotechnical stiffness determinations. 
In an infinite, homogeneous, isotropic medium only P-waves and S-waves would exist 
(Richart et al., 1970; Telford et al., 1990). In practice the ground does not extend to 
infinity in all directions but is bounded by a surface, and hence in a half space, surface 
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waves are generated. Surface waves, known as Rayleigh waves, were first studied by 
Lord Rayleigh (1885). In the case of layering within a half space another type of surface 
wave may be generated known as the Love wave (Richart et al., 1970). Miller and 
Pursey (1955) showed that for a vertically oscillating, uniformly distributed, circular 
energy source on the surface of a homogeneous, isotropic, half-space, the total input 
energy distribution amongst S-, P- and Rayleigh waves was 26%, 7% and 67% 
respectively. Hence; in practice it is the Rayleigh waves that are used in surface wave 
geophysical surveys. Detection of Love waves can be avoided as they are polarised in a 
direction perpendicular to that of the receivers detecting Rayleigh waves. The presence 
of surface waves, often called ground roll, in the large scale reflection surveys carried 
out by the oil industry has always been considered a nuisance, but in civil engineering, 
due to their dispersive nature, they can be used to provide stiffness - depth profiles for 
the ground. The shear wave velocity, V, is related to the Rayleigh wave velocity, V, 
measured in surface wave surveys by a factor, C, that depends on Poisson's ratio: 
V =CV 
where the constant, C, is given by (Richart et al., 1970): 
[1.13] 
C6-8C4+8 
(3- 1-2v1C2+16(1-2v 
_11=0 [1.14] t 1-v ) l2(1-v) 1 
Shear modulus values can then be calculated from V. using equation [1.12] as before. 
Equations [1.11] and [1.12] assume an isotropic elastic medium. As stated in section 1.1 
real ground is unlikely to fit such a simple model. More sophisticated ground models 
often assume cross anisotropy. Equation [1.3], which describes this condition using 
standard geotechnical notation, is re-written using geophysics notation (after Love, 1944) 
in equation [1.15]. Zeros have been omitted for clarity. As before the z-axis is the 
vertical axis (i. e. the axis of radial symmetry), and the x-y plane is the horizontal plane 
(i. e. the plane of symmetry). 
-10- 
o. 
Qyy 
Qa 
Off, 
°n 
o. 
A (A -2N) F 
Exx 
(A-2N) AF ri 
FFC 
N sx, 
L En 
L 
[1.15] 
The five geophysics parameters, A, C, F, L and N, can be written in terms of the five 
geotechnical parameters by comparing similar terms in equations [1.3] and [1.15]. 
A= 
Eh (l-vhvyvh) 
1.16 
(l+vhh) (l-vhh-2v, 
Wvvh) 
[] 
E, (1-vM) 
C= 
(1-vM- 2V, 
Nvvh) 
[1.17] 
Eh V 
vh F= 
ýl-vM- 2vhvvvh) 1.18 
L= Gvh [1.19] 
N= 
Eh 
= GM [1.20] 2 (l+vM) 
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The P-wave and S-wave velocities measured in field seismic geophysical surveys can also 
be related to the elastic constants A, C, F, L and N by the following (White, 1965; 
White et al., 1983): 
v= (4) 
P 2P 
[1.21] 
_ 
(Nsin2y+Lcos2y) [1.22] 
V =---q) 3V N 2P 
where: 
[1.23] 
y: angle between plane of constant phase (horizontal x-y plane) and the vertical z- 
axis; 
VSh: velocity of propagation of horizontally polarised shear wave; 
VSV: velocity of propagation of vertically polarised shear wave; 
and 
p=A sin2y +C cos2y +L [1.24] 
q= [(A-L)sin2y-(C-L)COS2y}2 + 4(F+L)2sin2ycos2y [1.25] 
For horizontally transmitted waves, that is 'y = 90°, equations [1.21] - [1.23] simplify 
to: 
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yp h= 
[1.26] 
Vs r 
[1.27] 
ý` -P 
Vs hv _L[1.28] -P 
where: 
V, : velocity of propagation of horizontally transmitted P-wave of the soil skeleton; 
Vs hh: velocity of propagation of horizontally transmitted, horizontally polarised shear 
wave; 
V, b,,: velocity of propagation of horizontally transmitted, vertically polarised shear 
wave. 
For vertically transmitted waves, that is -y = 0°, equations [1.21] - [1.23] reduce to: 
VP 
y=C 
[1.29] 
yS 
vh 
L [1.30] 
-P 
V, 
vv 
L [1.31] 
where: 
V, v: velocity of propagation of vertically transmitted P-wave of the soil skeleton; 
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VS vh: velocity of propagation of vertically transmitted, 
horizontally polarised shear 
wave; 
Vs.: velocity of propagation of vertically transmitted, vertically polarised shear wave. 
If the true P-wave velocity of the ground is available, for example in the case of rock or 
dry soil, then theoretically complete definition of the five geophysics elastic constants A, 
C, F, L and N can be achieved. Although plausible values of the constants can be found 
in the literature (White, 1982), by 1982 there had not been any examples of field seismic 
measurements being made in sufficient detail to describe completely a cross anisotropic 
material. 
In 1983 White et al. presented a study which measured the five elastic constants for 
Pierre shale. In dispersive media, that is media where wave velocity varies with 
frequency, a wave train containing a range of frequency components changes shape as 
it travels through the medium. This means that points of constant phase travel at a 
different velocity to that of the envelope of the wave train (Sheriff, 1984; Telford et al., 
1990). The velocity of points of constant phase is known as the phase velocity, and the 
velocity with which the energy of a wavetrain travels, that is the velocity of the envelope 
of the wave train, is known as the group velocity. In the study carried out by White et 
al. (1983) the variation of phase velocity with angle of propagation was investigated for 
P-, SH- and SV-wave sources over a range of depths and source positions. Graphs of 
phase velocity against angle of propagation for each source at each position for the 
various depths enabled the determination of A, C, F, L and N (White et al., 1983). It 
is possible to make use of the special cases of horizontal and vertical wave transmission 
of P- and SH-waves together with the associated simpler equations (that is equations 
[1.26], [1.27], [1.29] and [1.30]) to determine A, N, C and L, but SV-waves with at 
least one angle of transmission between 0° and 90° will be required for the determination 
of F. 
In the case of a saturated soil, the P-wave velocity of the soil skeleton is not available. 
Elastic constants N and L can be determined from SH-wave surveys (horizontal and 
vertical wave transmission) as before, but determination of the remaining elastic constants 
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is more problematic. Although it seems possible to evaluate A, C and F from SV-wave 
surveys by varying the angle of wave transmission, in practice the discernible differences 
between SV-velocities at, for example three different angles of wave transmission, is 
unlikely to be great enough, particularly when probable errors are taken into account. To 
date there seems to be no field study in the literature where all five elastic constants have 
been determined from shear wave surveys alone. 
Finite element analysis is now used at the design stage of many geotechnical engineering 
projects to predict ground movements; for example in London, where structures adjacent 
to such projects are often old and of historic importance, finite element analyses are 
routinely used (Hight et al., 1993; St. John et al., 1993). The most common ground 
models used assume the ground to be isotropic (2 elastic constants required, E and v) or 
cross anisotropic (5 elastic constants required, Eh, Er, Gvh, vh, and vhv) with stiffness 
varying with depth. Although until very recently most geotechnical analyses assumed 
linear elastic or simple elastic-plastic ground behaviour (Jardine et al., 1991), stress- 
strain non-linearity is now often incorporated into the model (Hight and Higgins, 1995). 
For an isotropic ground model values of E at operational strains can be reliably 
determined in the laboratory (see Section 1.3) and values for v are assumed. For a cross 
anisotropic ground model Er, as with E in the isotropic model, can be reliably determined 
in the laboratory at operational strains. Values of EI/Eh and all values of v are frequently 
assumed. GVh is often inferred from E using equation [1.5]. This can lead to erroneous 
results as, for anisotropic materials, GVh and Ev are independent (Bellotti et al., 1996). 
Individual field seismic geophysical surveys and the elastic constants that they each yield 
are discussed in Chapter 2, but the theory presented in this section shows that for certain 
ground conditions, that is rock or dry soil, the right combination of field seismic 
geophysical surveys has the potential to define all five elastic constants. In the case of 
saturated soils, although the problem is more complicated, a combination of field seismic 
geophysical surveys and laboratory testing has the potential to reduce the number of 
assumed elastic constants even if all five cannot be fully defined. 
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1.3 Behaviour of soils at small and very small strains 
Work carried out during the past two decades has led to a greater understanding of the 
stress-strain behaviour of geotechnical materials (Jardine et al., 1984; Jardine et al., 
1986; Burland, 1989; Tatsuoka and Shibuya, 1992). Dynamic laboratory tests, for 
example using a resonant column, have shown that at very small strains (E < 0.001 %) 
the stress-strain graph is approximately linear elastic (Georgiannou et al., 1991), with 
stiffness at a constant maximum value, for example, G,,,, E . For many uncemented 
materials, for example London clay, in the small strain region (0.001 %<E<1 %) the 
behaviour is highly non-linear and irrecoverable, so stiffness values in this range are 
highly strain level dependent. At large strains (> 1 %) the material is approaching failure 
and exhibits low stiffness values. An idealised representation of the variation of stiffness 
with strain is shown in Figure 1.1. 
Attempts have been made to quantify the levels at which the ground is strained during 
field seismic geophysical surveys using calibrated geophones (Abbiss, 1983,1986). The 
strain levels are typically very small and less than 0.001 % (Schultheiss, 1981; Stokoe and 
Nazarian, 1985; Stokoe et al., 1995). This means that stiffness values obtained from such 
surveys are the constant maximum values, for example, G.. 
Advances in laboratory testing that have taken place over the past twenty years (for 
example, local strain measurement (Brown and Snaith, 1974; Daramola, 1978; Burland 
and Symes, 1982; Symes and Burland, 1984; Costa Filho, 1985; Clayton and Khatrush, 
1986; Hird and Young, 1987; Ackerley et al., 1987; Clayton et al., 1989; Goto et al., 
1991), mid-plane pore pressure measurement (Hight, 1982; Baldi et al., 1988) and stress 
path testing (Lambe, 1967; Bishop and Wesley, 1975; Atkinson, 1985, Atkinson et al., 
1985; Baldi et al., 1988; Taylor and Coop, 1993) have meant that small strain stiffnesses 
can now be measured accurately in the laboratory. An important consequence of this is 
that the conceptual and apparent gap between dynamic and static ground stiffnesses has 
narrowed. In the past dynamic stiffness values were so much higher than static values that 
they were dismissed as irrelevant to geotechnical applications such as settlement 
prediction. However, locally determined static small-strain stiffnesses have, in some 
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cases, been found to be very close to stiffnesses determined dynamically (Burland, 1989). 
In recent years much work has been carried out comparing the deformation characteristics 
of soils and rocks from field and laboratory tests, both static and dynamic (Georgiannou 
et al., 1991; Tatsuoka and Shibuya, 1992; Shibuya et al., 1992; Matthews, 1993; 
Tatsuoka et al., 1993; Ochi et al., 1993; Tatsuoka, 1994; Clayton et al., 1995a; 
Tatsuoka and Kohata, 1995). These studies have sought to link so-called static and 
dynamic deformation properties. They have shown that for a wide variety of geotechnical 
materials, providing the strain level is less than 0.001%, statically- and dynamically- 
determined stiffness values are about the same (Tatsuoka, 1994; Shibuya et al., 1996). 
An important corollary of this is that static and dynamic stiffnesses are not different 
material properties. Before it was possible to measure locally the static very-small-strain 
stiffnesses in the laboratory, the difference between static and dynamic stiffness values 
was attributed to several factors, for example: 
0 errors arising from the assumption that the laboratory specimen deforms as a right 
cylinder (Costa Filho, 1985; Bressani and Vaughan, 1989) 
0 the effect of end restraints which affects the stress-strain distribution 
0 stiffness of end caps 
o non-axiallity of the specimen 
" system compliance (Jardine et al., 1984) - the measured displacements not only 
include the deformation of the specimen but also the compressibilities of some parts 
of the system, for example, the internal load transducer, porous stone, top cap 
" bedding errors (Jardine et al., 1984) arising from contact problems between the 
specimen and end caps, for example, non-uniformity of the surface of the specimen 
ends 
41 sample disturbance (Hight and Burland, 1990; Hight, 1993; Hight and Jardine, 1993) 
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" strain level- or shear stress level-dependency of stiffness (Tatsuoka and Shibuya, 
1992) 
It is now more useful to restrict the use of the terms static and dynamic to descriptions 
of loading regimes (Woods, 1991; Tatsuoka and Shibuya, 1992) and to refer to the 
dynamic stiffness as the very small strain stiffness. 
Finite element analyses have shown that the vast majority of operational strains, that is, 
the strains associated with the ground deformations that occur around geotechnical 
structures at working loads, are in the small strain range (often less than 0.1 %), where 
high initial stiffness and non-linearity are encountered (Jardine et al., 1986). This means 
that reliable measurement of small strain stiffness has become essential for the 
satisfactory prediction of ground movements. 
The closing of the gap between dynamically and statically measured ground stiffnesses, 
in conjunction with the now generally-accepted view that operational strains are small, 
often less than 0.1 %, has led to an acceptance of the value of measuring the very-small- 
strain stiffness, G.. In the field this can be achieved using seismic geophysical surveys. 
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Figure 1.1 Idealised representation of stiffness variation with strain 
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CHAPTER 2 GROUND STIFFNESS AND ITS IMPORTANCE IN 
GEOTECHNICAL ENGINEERING: A REVIEW 
2.1 Introduction 
Over twenty years ago Lambe (1973) delivered the thirteenth Rankine Lecture entitled 
"Predictions in soil engineering". In it he referred to the prediction process as the very 
heart of the practice of civil engineering and stated that the profession was in great need 
of simple techniques to make class A predictions, that is, predictions that could be made 
before construction, based entirely on data available at that time (Lambe, 1973). Today 
the need for accurate class A predictions of ground and structure movements is 
paramount because an increasing number of projects in the U. K. require the best 
estimates to be made of movements around excavations, tunnels or shafts due to the 
sensitivity of the surrounding structures. 
In order to predict ground movements certain in-situ parameters are required, for 
example, stiffness, shear strength, permeability. These parameters are then incorporated 
into a ground model and numerical analyses (often finite element or finite difference) 
carried out in order to determine deformation values. The aim of this chapter is to 
review: 
" the parameters required for the prediction of ground movements 
" measurement of ground stiffness parameters to-date 
" the ground models currently available 
" current UK practice in obtaining stiffness parameters for the ground and its 
limitations 
" field seismic geophysical techniques and their potential usefulness in ground 
stiffness investigations 
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2.2 Parameters required for the prediction of ground movements 
The factors which affect ground and structure movements are (Hight and Higgins; 1995, 
Jardine, 1995): 
0 site conditions 
0 construction details 
0 ground characteristics (mechanical properties) 
Ground characteristics can be further sub-divided into the following areas: 
" stress-strain behaviour 
" shear strength and yield criteria 
0 permeability 
Obtaining realistic stiffness parameters to use in deformation analyses is currently one of 
the most important problems in geotechnical engineering. The following sections 
summarise how such parameters have been measured in the past, reviews current U. K. 
practice for determining stress-strain behaviour of the ground and considers the 
limitations of these practices. 
2.3 Measurement of ground stiffness parameters 
2.3.1 Summary of field, laboratory and analytical methods of stiffness determination 
over the past three decades 
The evolution of ground stiffness measurement can be summarised as follows: 
(i) Prior to the 1960's geotechnical materials were, in practice, assumed to have 
linear elastic properties. In the laboratory stiffness values were obtained from 
conventional triaxial tests where axial displacements were measured externally, 
and in the field they were obtained from plate loading tests (Craig, 1974; Simons 
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and Menzies, 1975; McCarthy, 1977; Smith, 1978). Stiffness values were 
sometimes derived from correlations with undrained shear strength that could be 
measured in the laboratory or in the field (Butler, 1975; Simons, 1975). 
(ii) During the 1960's and 1970's stiffness values continued to be obtained in the 
laboratory from conventional triaxial tests and in the field from plate loading tests 
(Bishop et al., 1965; Marsland, 1971; Atkinson, 1973; Marsland and Eason, 
1974; Clayton et al., 1995b). Geotechnical structures were instrumented and back 
analyses of measured ground movements used to provide stiffness values. Back 
analysed stiffness values were consistently higher than those measured in the 
laboratory, (refer to Figure 2.1), and in the case of London clay these values 
increased with depth (Cole and Burland, 1972; Simpson et al., 1979; Clayton et 
al., 1991). At the time the discrepancy between the back analysed values and 
those obtained from conventional triaxial testing was attributed to sampling effects 
(Marsland, 1971; Atkinson, 1974; Burland, 1979), and stiffness values obtained 
from laboratory testing were therefore discredited. Up until the late 1970's it was 
thought that for reliable determination of ground stiffness in situ testing methods 
should be used (Atkinson, 1974; St. John, 1975; Windle and Wroth, 1977b). 
Linear elastic behaviour of geotechnical materials continued to be assumed 
(Wroth, 1972), and in the case of London clay a linear increase of stiffness with 
depth was also assumed. 
There were, however, two key developments that took place during the 1970's: 
(iii) Finite element analysis began to be used in the U. K. to calculate ground 
movements (Cole and Burland, 1972; Zienkiewicz and Naylor, 1972; Ward and 
Burland, 1973; Rodriques, 1975; Naylor and Hooper, 1975; Burland and 
Hancock, 1977; Burland, 1978; Naylor, 1978; Creed, 1979; Naylor et al., 1981). 
(iv) It became evident from both laboratory and field studies that for reasonable 
predictions of ground movements in the London clay anisotropy must be taken 
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into account (Simons and Som, 1969; Cole and Burland, 1972; Henkel, 1972; 
Atkinson, 1973). 
In the late 1970's, and during the 1980's further key developments took place. 
(v) The need for a better method of measuring soil stiffness at small strains in the 
laboratory led to the development of devices that measured displacements inside 
the cell directly on the specimen, that is, local displacements. Local axial strain 
measurement involves attaching a gauge lengthwise directly onto the central 
portion of the specimen, local radial strain measurement involves attaching a 
gauge across a diameter of the specimen. Throughout the 1970's and 1980's a 
wide range of local strain measuring devices were developed, for example, linear 
variable differential transformers or LVDT's (Brown and Snaith, 1974; Daramola, 
1978; Costa Filho, 1985), proximity transducers (Hird and Yung, 1987), electro- 
levels (Burland and Symes, 1982; Symes and Burland, 1984), Hall effect 
transducers (Clayton and Khatrush, 1986; Clayton et al., 1989), strain-gauged 
pendulums (Ackerley et al., 1987) and local deformation transducers or LDTs 
(Tatsuoka, 1988; Goto et al., 1991). The development and mode of operation of 
all these devices and others is widely reported in the literature, and while the 
principles underlying their operation vary, they all avoid the errors due to bedding 
and system compliance that are symptomatic of external strain measurement. A 
pair of gauges mounted diametrically opposite each other on a specimen enable 
an average local strain to be measured. In this way errors due to tilting of the 
specimen can be compensated for. Work carried out by Jardine et al. (1984) 
demonstrated that with local axial strain measurement, stiffness values at small 
strain levels, that could previously only have been obtained from field 
measurements, could now be measured accurately and with a resolution of 0.001 
in the laboratory. These stiffness values compare well with high quality in-situ 
tests and field measurements and have resulted in the return of confidence in 
laboratory testing, at least for stiff clays. 
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(vi) The design requirements of the British Library next to St. Pancras station in 
London prompted Simpson et al. (1979) to develop a non-linear elastic-plastic 
model of London clay (Model LC) relating increments of effective stress to 
increments of strain. The model took account of variation of stiffness with mean 
normal stress and plastic flow at large (> 1 %) strains, but the single most 
important innovation in the model was the assumption of a "threshold" property; 
small strains (< 0.1 %), that is those smaller than could be measured accurately 
in conventional laboratory tests at that time, were considered to be within the 
strain threshold, elastic, non-linear and to produce high material stiffness values. 
The model was validated by carrying out an undrained back analysis of the New 
Palace Yard excavation using axial symmetry (Simpson et al., 1979). The results 
obtained of horizontal and vertical movements at ground level are shown in Figure 
2.2. It can be seen that, in general, the distribution of movements computed by 
Model LC show good agreement with those observed, and are closer to observed 
movements than those computed by Ward and Burland (1973) who used a linear 
elastic model and assumed plane strain conditions. It was thus apparent that 
incorporating non-linearity and high initial stiffness values significantly affected 
the distribution of ground displacements. 
(vii) At the same time as these advances in numerical analysis were being made Costa 
Filho (1980) was carrying out laboratory tests on specimens of London clay and 
measuring the strains locally. His results reinforced the findings of Simpson et al. 
(1979). Quite independently the theoretical approach of Simpson et al. (1979) and 
the experimental approach of Costa Filho and Vaughan (1980) had led to the same 
conclusions: strongly non-linear stress-strain behaviour with high initial stiffness 
at strains less than about 0.1 %. 
(viii) By the late 1970's there were relatively few case studies available to show what 
strains were induced in the ground under working conditions. Those that had been 
published (for example, Kriegal and Weisner, 1973; Attewell and Farmer, 1974; 
Bauer et al., 1976) presented measured deformation data, which, when converted 
to average direct strain measurements (Burland, 1989), indicated that the majority 
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of strain levels in the ground were less than 0.1 %. Jardine et al. (1986) used 
finite element analysis to investigate the influence of non-linear stress-strain 
behaviour in soil-structure interaction. Their results showed that the majority of 
operational strains in the ground surrounding geotechnical structures were less 
than0.1 % and often less than0.05 %. This means that the majority of operational 
strains, that is the strains associated with the ground deformations that occur 
around geotechnical structures, fall into the small strain region (0.001 %<E< 
1 %) where high initial stiffness and non-linearity are encountered. 
By the end of the 1980's it was known that the stress-strain behaviour of the ground was 
highly non-linear in the small strain region into which the majority of operational strains 
fall. This means that for accurate prediction of ground movements reliable stiffness values 
at small strain levels and ground models which incorporate stress-strain non-linearity are 
required. 
2.3.2 Measurement of ground stiffness at operational strains 
The triaxial test has always been the most common method of determining ground 
stiffness values in the laboratory, and although conventional tests, where strains were 
measured externally, were discredited during the 1960's and 1970's, the advent of local 
strain measurement subsequently re-established the credibility of triaxial testing. There 
are, however, alternatives, for example the resonant column (Hardin, 1970; Hardin and 
Drnevich, 1972a; Drnevich et al., 1978; ASTM, Standard D 4515-87,1987), simple 
shear with cyclic or monotonic loading (Woods, 1978; Teachavorasinskun et al., 1991), 
torsional shear using solid or hollow specimens (Alarcon et al., 1986; Tatsuoka and 
Shibuya, 1992; Porovic and Jardine, 1995) and bender elements (Shirley and Hampton, 
1978; Dyvik and Madshus, 1985; Thomann and Hryciw, 1990; Viggiani and Atkinson, 
1995; Gordon and Clayton, in press). Although some of these alternatives are available 
in a minority of commercial laboratories, they are mainly used for research purposes. 
Triaxial testing remains the most popular system in both research and commercial 
laboratories (Lo Presti, 1995), with local strain measurement now carried out routinely 
in commercial laboratories. Although there remain limitations (refer to Section 2.5), 
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under favourable ground conditions, for example stiff intact clays, the triaxial test is 
capable of providing reliable ground stiffness values at operational strains (Jardine et al., 
1984; Jardine et al., 1985; Atkinson and Sallfors, 1991). 
Up until the late 1970's it was thought that reliable ground stiffness values could only be 
obtained from in-situ testing methods or from back analysis if good case records were 
available. The advantages of in-situ testing can summarised as follows: 
" it is possible to test a larger volume of soil/rock than in laboratory tests 
" continuous records are possible in some cases 
" the tests can be used when sampling is difficult or impossible 
" the ground is tested as it exists in the field, for example taking into account 
fractures or fissures 
" the tests are faster than laboratory tests 
" in some cases the tests are cheaper than laboratory tests 
There are, of course, disadvantages associated with in-situ testing, and these can be 
summarised as follows: 
" the boundary conditions with respect to stresses and strains are often poorly 
defined 
" there is often an empirical aspect to the interpretation 
" there is no control over drainage conditions 
" disturbance may occur during insertion of probes etc. 
" modes of deformation and failure may be dissimilar those that actually occur 
round structures 
" non-uniform stress and strain fields can invalidate interpretation 
" strain rates may be high 
Recent advances in laboratory testing have contributed enormously to the understanding 
of non-linear shear deformation (Tani, 1995b). Although in-situ testing has not advanced 
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at the same rate, in the context of predicting ground movements, two key developments 
have taken place during the past decade: 
" interpretation of pressuremeter tests to provide non-linear stiffness parameters 
(Muir Wood, 1990; Jardine, 1992) 
" development of the seismic cone penetration test (SCPT) (Robertson et al., 1986) 
The importance of the SCPT is discussed in Section 2.6, which deals with field seismic 
geophysical techniques. Much has been written in the literature on pressuremeter testing, 
the interpretation of the results obtained from such tests and the corrections that are 
necessary, for example, Palmer (1972); Windle and Wroth, (1977b); Mair and Wood 
(1987); Houlsby and Withers (1988); Clayton et al., (1995b), plus the proceedings of 
international symposia, the most recent of which was held in Quebec in 1995. 
Interpretation of pressuremeter tests is based on sound theory, but in the light of current 
knowledge of the magnitude of operational strains and understanding of the non-linear 
stress-strain behaviour of the ground at these strains, some of the assumptions 
traditionally used at the interpretation stage do not bear close scrutiny; for example linear 
elasticity and constancy of stiffness with radius from cavity. It is assumed that the 
deformation that takes place around the test hole is axisymmetric, and that it takes place 
under conditions of plane strain (Tani, 1995a). Theoretical solutions are available for 
such one dimensional problems. Pressuremeter tests are often used to provide values of 
pressuremeter shear moduli, Gp (sometimes referred to as G, ), by fording the slope of 
the chord of an unload-reload loop of the pressuremeter curve (Muir Wood, 1990). This 
assumes that the soil stiffness is independent of radius. In fact strain will decrease with 
radius (that is, stiffness will increase), hence the stiffness found is the integrated effect 
of many stiffness values at varying radii. It is also assumed that the ground is 
homogeneous, isotropic and linear elastic. In the likely event that this is not the case, 
shear moduli values can still be found, but they will not be the same for drained and 
undrained conditions. The values obtained may also be affected by strain rate effects. 
Errors incurred as a result of assuming the pressuremeter test can be modelled as the 
radial expansion of a cylindrical cavity in a homogeneous, isotropic material under 
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undrained conditions, are even greater for soft rock than they are for clays (Haberfield 
and Johnston, 1993). These errors are due to the effects of drainage, dilation, radial 
cracking and jointing. Haberfield and Johnston (1993) conclude that, at best, the 
pressuremeter can give an estimate of the shear modulus for a soft rock. In-situ ground 
stiffness values, traditionally found from plate loading tests, are now more often found 
from pressuremeter tests. However, due to the non-linear behaviour of soils at operational 
strains, it is important that any pressuremeter stiffness values are obtained at an 
appropriate strain level if they are to be used in the design process. 
2.3.3 Ground models 
To be of any use in geotechnical design, ground behaviour must be represented by a 
model; it is this ground model which provides the link between ground behaviour and the 
prediction of field performance (Gens, 1995). Nowadays a variety of ground models are 
available to the geotechnical engineer ranging from the very simple, for example 
homogeneous, isotropic, linear elastic, to more sophisticated, for example non- 
homogeneous, non-linear, elastic-plastic incorporating anisotropy. Information required 
for a ground model includes the geometry of the problem, initial conditions, boundary 
conditions and a constitutive law which mathematically describes the behaviour of the 
ground (Gens, 1995). The method of solution varies, for example finite element, 
boundary element or analytical methods, as can the type of analysis, for example plane 
strain, axi-symmetric or 3-D. It is unlikely that all features of ground behaviour, or even 
all factors that affect one aspect of ground behaviour, for example stress-strain behaviour, 
can be included in a single model. Studies have shown (Jardine et al., 1986; Gens, 1995; 
Hight and Higgins, 1995) that the factors which dominate the ground behaviour depend 
on the nature of the ground - whether it is, for example soft clay, stiff clay or weak 
fractured rock, and the nature of the problem - whether it is, for example an embankment 
or an excavation. The choice of ground model to use for a particular geotechnical 
construction problem is an important one. This section discusses some of the ground 
models available today with reference to cases where they have been implemented. 
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The simplest ground model assumes the ground to be a homogeneous, isotropic, linear 
elastic material. Analyses of this type require two stiffness parameters: E and v or G and 
K. Work carried out on the Mundford test tank (Burland et al., 1973) exposed this 
model, using Boussinesq's analytical method, as being unsuitable for deformation 
prediction. Finite element analyses incorporating the assumption that E increases linearly 
with depth produced good agreement between observed and predicted settlements (Figure 
2.3). Since the non-linear aspect of stress-strain behaviour can significantly affect the 
stress distribution and subsequent deformation around a geotechnical structure, linear 
elastic analyses are frequently inadequate, and non-linearity needs to be incorporated into 
the constitutive law used in the ground model. Whilst non-linear elastic models suffice 
under certain circumstances, for example for heavily over consolidated soils, at relatively 
low shear stresses or in the case of monotonic loading or unloading, often the elastic 
assumption is inadequate for the whole range of ground behaviour encountered in a single 
problem, particularly if deformations need to be predicted right up to failure. This leads 
to the consideration of elastic-plastic ground behaviour and critical state soil mechanics. 
Theories of soil behaviour known as "critical state soil mechanics" have been developed 
by applying the theory of plasticity to soil mechanics (Britto and Gunn, 1987). When 
plastic behaviour is to be incorporated into a ground model it can be idealised as, for 
example, elastic-perfectly plastic or elastic linear strain hardening plastic. Such simplified 
elastic-plastic models are often still inadequate; full description for the stress-strain 
behaviour of an elasto-plastic material requires (Britto and Gunn, 1987): 
0a yield function, for example Mohr-Coulomb 
0a relationship between the directions of the principal plastic strain increments and 
the principal stresses 
0a flow rule (associated or non-associated) 
"a hardening law (isotropic or kinematic) 
Elastic-plastic models have been used since the 1960's, for example Cam-clay (Roscoe 
and Schofield, 1963) and modified Cam-clay (Burland, 1965; Roscoe and Burland, 1968). 
Cam-clay is typically used for soft clays (Wroth, 1977) and although it is a significant 
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improvement on a linear elastic model, inevitably it does not model all aspects of stress- 
strain behaviour adequately for all ground types and all construction problems. When a 
simple elastic-plastic model like Cam-clay is inadequate it is often necessary to adopt a 
model that includes kinematic hardening, for example Model LC. 
Simpson et al. (1979) successfully validated a non-linear elastic-plastic model (Model LC) 
by predicting the ground movements that took place at the New Palace Yard excavation, 
and more recently Jardine et al. (1991) proposed a non-linear ground model and 
described its application. The model incorporates four zones of behaviour: a linear 
elastic zone - stiffness assumed constant, a non-linear, hysteretic recoverable zone - 
stiffness reducing markedly with strain, a plastic zone (irrecoverable strains developing) - 
stiffness continuing to reduce markedly with strain and a bounding surface which when 
intercepted by the stress path sees a great reduction in stiffness (Jardine et al., 1991). In 
cases where field measurements had also been made, predictions from the finite element 
analyses using this model agreed well with measured results. Gunn (1993) described a 
simple constitutive relation governing the undrained behaviour of an overconsolidated 
clay, for example London clay, where the non-linear elastic stiffness of the soil at small 
strains was determined by a power law expression. The model was used to predict ground 
deformations brought about by tunnelling. Predictions from finite element analyses using 
this model showed a marked improvement when compared with those obtained from 
analyses which did not model small strain stiffness. However maximum predicted 
settlements remained about 45% of those expected in practice (Gunn, 1993). 
So far in this section no mention has been made of anisotropy. When predicting ground 
movements it is often necessary to model two types of anisotropy: structural or initial 
anisotropy, that exists as a result of how the material was formed, and stress or evolving 
anisotropy, that depends on subsequent stress and strain changes the material is subjected 
to (Muir Wood, 1995). In many cases it is sufficient to consider the case of cross 
anisotropy. Henkel (1972) incorporated cross anisotropy into an elastic ground model 
where E increased linearly with depth and established that in the London clay, where 
E'h/E',, is about 1.6, anisotropy must be taken into account if reasonable predictions of 
field behaviour are to be made on the basis of laboratory tests (Henkel, 1972). Cam-clay 
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and modified Cam-clay do not include anisotropy but Melanie (Magnan et al., 1982), a 
variation of Cam-clay, takes account of structural anisotropy but not stress induced 
anisotropy (Muir Wood, 1995). The isotropic model suggested by Jardine et al. (1991) 
makes allowance for stiffness anisotropy as does Model LC used by Simpson et al. 
(1979), but anisotropy, together with time and rate effects, remain areas in the overall 
stress-strain behaviour of the ground that require more understanding in order that they 
may be incorporated effectively into ground models (Hight and Higgins, 1995). 
Models in current use can be complicated, so before they are used in any design process 
they should be validated by testing against actual measurements or exact analytical 
solutions. There are many factors affecting ground movements and no single model will 
incorporate them all. The key parameters will vary with the type of ground and the nature 
of the construction (Hight and Higgins, 1995), so the choice of ground model is an 
important one. In the case of stiff clay small strain non-linearity is the most important 
factor; small strain non-linearity does not dominate loading problems in soft clay, where 
anisotropy seems more important; and for weak rock the most important factor may be 
stress relief and discontinuity effects (Hight and Higgins, 1995). 
2.4 Current U. K. practice in obtaining stiffness parameters for the ground 
Methods by which stiffness parameters for the ground are obtained depend on, inter alia, 
the nature of the ground itself, for example whether it is granular or cohesive, soft or 
stiff, fractured or intact, the sensitivity of the project, that is how important is the 
magnitude of any ground movements, and economic considerations. Current approaches 
used in the UK are based on one of the following: 
" "routine" site investigation 
" well known ground conditions 
" more thorough site investigation incorporating more sophisticated testing, both 
field and laboratory 
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In a routine site investigation samples are typically obtained using the driven U100 tube 
sampler. Oedometer and unconsolidated, undrained triaxial tests are carried out on 
specimens obtained from these samples to provide information on the compressibility, mr, 
and undrained shear strength, c,,, of the ground respectively. Values of E are 
subsequently derived from correlations with c,,. Such an approach should only be used 
if ground displacements are not important and/or conservative stiffness values are 
acceptable. Unfortunately this is not always the case; such a site investigation was carried 
out for redevelopment of Grand Buildings, central London, where ground movements had 
to be minimal (less than 15 mm) in order that the effects on underlying tunnels were 
acceptable (Clayton et al., 1991). In this case there was not good agreement between 
stiffness values from oedometer and undrained triaxial tests, both of which were 
significantly less than previously back calculated values from case studies in the London 
clay (refer to Figure 2.1). 
The second approach relies on the ground conditions being well known with many case 
histories being available, for example as is the case for central London. Stiffness values 
are obtained from the back analysis of measured ground movements from a previous 
project carried out on the same type of ground using the same form of construction. Back 
analysed stiffness values from Britannic House (Cole and Burland, 1972) were used to 
predict the ground deformations associated with other large basement excavations in the 
London clay, for example Barbican Arts Centre (Stevens et al., 1977), the YMCA 
building (St. John, 1975) and the New Palace Yard underground car park at the House 
of Commons (Burland and Hancock, 1977). 
More thorough site investigation is required when there are no case records available 
and/or the displacements are critical; this includes major projects in central London. 
Aspects of a more thorough site investigation include, inter alia: 
" high quality sampling 
" pressuremeter testing 
" small strain stiffness testing 
" stress path testing 
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For example, as part of the site investigation undertaken for a section of the Jubilee Line 
Extension the following procedures were carried out (Sectional Interpretive Report 2 for 
the Jubilee Line Extension Project, 1991): 
(i) rotary coring to obtain high quality samples. 
(ii) seven small-strain triaxial tests on 100 mm specimens taken from the cored 
samples with local axial strain and mid-height pore pressure measurement. The 
samples were taken from a single borehole (three from the Woolwich and Reading 
beds, four from the Thanet beds). The specimens were brought back to the stress 
state that was thought to exist below a nearby block of flats via isotropic 
consolidation, anisotropic swelling and anisotropic consolidation, prior to shearing 
in undrained compression or extension. Small-strain stiffness values of undrained 
Young's modulus were obtained. 
(iii) a series of self-boring pressuremeter tests in a single borehole in both the 
Woolwich and Reading beds (one test) and the Thanet beds (four tests) to assess 
in-situ stress conditions and ground stiffness. Non-linear stress-strain behaviour 
was taken into account at the interpretation stage of the pressuremeter tests. 
A further example can be found in a major junction improvements scheme in North 
London which involved the construction of twin bore cut and cover tunnels and extensive 
retaining walls in a built up urban area. The original site investigation included seventy 
two self-boring pressuremeter tests carried out in eight boreholes, all in London clay, and 
thin wall push tube sampling in three boreholes. Of the twenty three thin wall push tube 
samples taken from the three boreholes, two were used to provide 100 mm specimens for 
small-strain triaxial tests with local axial strain and mid-height pore pressure 
measurement. At a later date further small-strain triaxial testing was carried out together 
with some field seismic geophysical testing. This particular scheme and the parameters 
required for its design will be discussed in detail in Chapter 4. 
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2.5 Limitations of the current approaches 
Even if a more thorough site investigation is carried out, incorporating the more 
sophisticated testing techniques, there are still reasons why the parameters obtained may 
not be truly representative of in-situ conditions. 
(i) Influence of fabric (Matthews and Clayton, 1993; Hight and Higgins, 1995; 
Jardine, 1995) 
Many materials exhibit fissures, jointing and/or layering, for example fissures in 
the London clay, fractures in chalk. It is therefore essential that tests are carried 
out on representative samples. Small scale element tests, for example laboratory 
tests, will often not provide representative parameters. 
(ii) Sampling effects 
It has been recognised for many years that when samples are taken from the 
ground disturbance can occur during drilling, during sampling and after sampling 
(Hvorslev, 1949). Routine small-strain stiffness measurement using local strain 
measuring devices has led to a demand for high quality "undisturbed" samples, 
that is, samples of a higher quality than those provided by the driven U100 tube 
sampler, which has been recognised for some time as being of limited quality 
(Whyte, 1986). However, laboratory samples, no matter how carefully they are 
taken, will always be affected by the sampling process. Using the non-linear 
ground model suggested by Jardine et al. (1991) and the strain path method of 
Baligh (1985), Hight (1993) shows that extracting samples from the ground via 
a tube can bring about a change in effective stress and destructuring. Whether the 
effective stress increases or decreases and how much destructuring occurs depends 
on material properties, for example plasticity, over consolidation ratio, bonding, 
and factors associated with the actual sampling process, for example tube 
geometry, method used to insert the tube into the ground (rotary drilling or 
pushing) (Hight and Higgins, 1995). 
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The stress-strain behaviour of the ground is affected by stress state and recent 
stress history therefore laboratory specimens must be reconsolidated to the in-situ 
stresses and the stress path taken to achieve this should represent the recent stress 
history of the site. Unfortunately the reconsolidation process itself, which is 
carried out to reduce the effects of sample disturbance, can cause further 
destructuring. Studies carried out on soft (Clayton et al., 1992) and stiff 
(Georgiannou and Hight, 1994) clay have shown that the damage caused by the 
strains encountered during tube sampling and subsequent reconsolidation lead to 
an irrecoverable reduction in stiffness. Even if no further destructuring does 
occur, anisotropic reconsolidation requires a value for in-situ I0, which is itself 
difficult to measure. 
(iii) Anisotropy 
Anisotropy characteristics can be caused by aspects of a material's fabric, for 
example fracturing, layering, and/or an existing stress regime and any subsequent 
changes of stress. It is generally accepted that, in many cases, for reasonable 
predictions of ground movements, anisotropy must be taken into account. Vertical 
settlement is generally very sensitive to horizontal stiffness (Simons and Menzies, 
1975). Unfortunately stiffness anisotropy is difficult to quantify from element 
tests. 
(iv) Back analysed stiffness data 
Back analysed stiffness values have been used to predict ground movements 
(Stevens et al., 1977; Burland and Hancock, 1977) and to aid geotechnical design 
(Burland et al., 1979). However, the technique assumes uniformity of ground 
conditions between the site from which the values were obtained and that where 
the predictions are required. Back analysed stiffness data are site specific and 
relate only to the particular order, method and geometry of construction from 
which they were calculated. These limitations pose the question - "how far can 
back analysed stiffness values be trusted? " Parameters back analysed from the 
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Hyde Park Cavalry Barracks (Hooper, 1973) were used in the design of the 
Queen Elizabeth II Conference Centre (Burland and Kalra, 1986) and in the initial 
analysis for the redevelopment of Grand Buildings (Clayton et al., 1991). Whilst 
Burland and Kalra (1986) have reported good predictions of undrained heave 
within the excavation, at Grand Buildings predicted displacements were several 
times larger than those actually measured (Clayton et al., 1991). Near-surface 
stiffness values of about 10 MPa were derived from Hyde Park Cavalry Barracks 
(Hooper, 1973). Although these low values were thought to have little influence 
on any ground movements at this site, they were thought to be unreliable 
(Simpson, 1988). They also had little influence for the Queen Elizabeth II 
Conference Centre, the magnitude of the undrained heave within the excavation 
being dominated by the higher stiffness values attributed to greater depths - hence 
the good agreement between predicted and measured movements there. At Grand 
Buildings, where the near surface stiffness values dominated, initial predicted 
movements did not agree well with measured values, and it is now thought that 
the surface stiffness value of 10 MPa derived by Hooper (1973) is a significant 
underestimate of the true value, which is more likely to be in excess of 30 MPa 
(Clayton et al., 1991). Clearly back analysed stiffness values should be used with 
care. 
2.6 Potential of field seismic geophysics for stiffness parameter determination 
Civil engineers have always been reluctant to incorporate field seismic geophysical 
surveys as a matter of course into ground investigations, partly due to historically poor 
success rates. Seismic theory has been developed on the basis of well understood physical 
principles, for example, elasticity theory (Hooke's law) and wave motion (Huygens' 
principle), details of which can be found in many physics text books (Timoshenko and 
Goodier, 1951; Alonso and Finn, 1967; Whelan and Hodgson, 1978). This suggests that 
the perceived unreliability of field seismic geophysical survey techniques when applied 
in geotechnical engineering stems from inappropriate use and a misunderstanding of what 
they can provide for the engineer, rather than short comings of the fundamental concepts 
(Geological Society, 1988). This section presents: 
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" the historical development of field seismic geophysical techniques 
" the advantages and disadvantages of individual field seismic geophysical 
techniques 
" stiffness measurements obtained from field seismic geophysical techniques 
" comparisons of stiffness measurements from laboratory, field and field seismic 
geophysical techniques 
2.6.1 Historical background 
The earliest seismic studies date back to the First World War when disturbances caused 
by the recoil of heavy guns enabled their location to be determined (Lavergne, 1989). 
A German, Mintrop, then used the same methods to carry out subsurface exploration and 
applied for a patent on the refraction method in 1919. Mintrop subsequently formed a 
prospecting company and in 1924 the Orchard Salt Dome oil field in Texas was 
discovered using the refraction technique (Telford et al., 1990). The refraction technique 
continued to be used throughout the 1920's, but by the late 1920's, the Americans had 
detected reflections on refraction recordings (Lavergne, 1989). This led to the 
development of the reflection technique, which quickly gained popularity and largely 
replaced the refraction technique. Today the basic survey method used in petroleum 
exploration is that of reflection, but there remain certain situations where refraction 
techniques are more appropriate, hence their continued use. Although these methods were 
developed primarily for use in the oil and mineral exploration industry they have been 
used in civil engineering to examine subsurface conditions. 
A further seismic technique was developed in the 1930's in Germany by the engineers 
of the Deutsche Gesellschaft für Bodenkunde (Degebo) and the Geophysical Institute of 
the University of Göttingen (Hertwig, 1931; Hertwig et al., 1933; Hertwig and Lorenz, 
1935) called the continuous vibration method, now normally termed "surface-wave" or 
"Rayleigh wave" geophysics. Terzaghi reported use of the technique in his classic text 
"Theoretical Soil Mechanics" in 1943. His review of the use of vibrators in the field of 
soil exploration was based mainly on the publications of the Degebo, and like the 
engineers of the Degebo, referred to the waves produced by the vibrators as shear waves, 
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and did not distinguish between Rayleigh or Love waves. Also at this time (early 1940's) 
the dispersive nature of the surface waves, that is the fact that the velocity of propagation 
of the surface waves is a function of the frequency of vibration, was not exploited. The 
presence of surface waves, often called ground roll, in the large scale reflection surveys 
carried out by the petroleum industry have always been considered a nuisance, but in 
civil engineering, due to their dispersive nature, they can be used to provide shear 
modulus - depth profiles for the ground (Ballard and McLean, 1975; Abbiss, 1981). As 
part of his review of methods of subsurface exploration Hvorslev (1949) described the 
continuous vibration method. Like Terzaghi (1943) he referred to the work carried out 
in Germany during the 1930's, and although he described the continuous vibration 
method as having interesting possibilities, he considered it still to be in the development 
stage (Hvorslev, 1949). Again like Terzaghi, he referred to the waves produced by the 
method as continuous shear waves, although he suggested that they were probably Love 
waves, and considered that the dispersive nature of them hindered data processing. 
Surface waves have been the subject of research in the UK for about 40 years. The early 
work was carried out at the Road Research Laboratory (Jones, 1958,1963a, 1963b; Jones 
and Mayhew, 1965; Jones et al., 1967) in order to find elastic properties and thicknesses 
of the various layers which make up a road. By this time it had been established that the 
surface waves produced by the mechanical vibrators vibrating normally to the ground 
surface were Rayleigh waves (Miller and Pursey, 1955) and although Jones (1958) used 
Love waves to determine the shear wave velocity and thickness of a surface layer 
overlying a material having a higher shear modulus, subsequent work concentrated on 
Rayleigh waves. Although at the time Jones and his co-workers were progressing the use 
of Rayleigh or surface wave surveys the theory necessary to interpret them was in place, 
all but the simplest cases were impossible to solve analytically due to the lack of 
computing power available then. 
Early work with direct waves (as opposed to refracted or reflected waves) concentrated 
on compression waves. This was because compression waves arrive first at a receiver and 
therefore their arrival was easily identified. Shear waves arrive some time later, hence 
their arrival was more difficult to identify, often being masked by the compression 
-38- 
waves. During the 1950's and 1960's work was carried out involving field measurements 
of direct shear waves made between subsurface points and between surface and 
subsurface points. In a parallel crosshole survey measurements took place between two 
or more subsurface points at the same depth (for example, White and Sengbush, 1953; 
Riggs, 1955; Swain, 1962). The source used was usually explosive or a falling weight, 
and the shear wave arrivals were detected by geophones. In the case of measurements 
between surface and subsurface points there were two possibilities. A downhole survey 
had a source on the ground surface, for example, a falling weight or a horizontal 
impulse, and a receiver (geophone) placed down a borehole (White et al., 1956). An 
uphole survey had a subsurface source, for example, explosive, and an array of 
geophones on the ground surface (for example, Meissner, 1965). Much can be found in 
the literature of the 1970's on crosshole, uphole and downhole seismic surveys and their 
use in the civil engineering industry (for example, Stokoe and Woods, 1972; Ballard and 
McLean, 1975; Stokoe and Hoar, 1978). 
By 1980 two types of surface wave survey had been developed. The first type used a 
vibrator as the source and had evolved from the original work carried out by the Germans 
in the 1930's. This was called the continuous surface wave (CSW) method. The second 
type used an impact source and developed into the spectral analysis of surface waves 
(SASW) method which was used extensively in North America (Heisey et al., 1982; 
Nazarian and Stokoe, 1984). Throughout the 1980's and to-date in the 1990's both 
surface wave methods continued to be developed by workers in many countries, for 
example, North America (Stokoe and Nazarian, 1985; Sanchez-Salinero et al., 1987; 
Stokoe et al., 1989), the United Kingdom (Abbiss, 1983,1981), Norway (Djärf, 1982), 
Japan (Tokimatsu et al., 1991), Italy (Crespellani and Vannucchi, 1991) and France 
(Guillard et al., 1987). 
In 1984 the seismic cone penetration test (SCPT) was developed in Canada by 
Campanella and Robertson. This technique combined a seismic downhole survey with 
conventional cone penetration testing (CPT) and thus provided information on strength 
and stiffness in one sounding (Robertson et al., 1986). Despite the fact that use of the 
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SCPT is limited by ground strength, no boreholes are required and large areas can be 
covered relatively quickly. 
Seismic theory was developed before the instrumentation required to make optimum use 
of the theory was available in terms of data acquisition, data processing and computing 
power. During the 1970's advances in data acquisition and processing techniques were 
accompanied by increases in storage capacity, data transfer speeds and computation 
speeds by a factor of about twenty (Lavergne, 1989). This trend continued through the 
1980's and led to improvements in data recording and handling for all types of seismic 
geophysical surveys, but probably most noticeably in the case of the surface wave survey. 
Although improvements in data acquisition and handling have continued to take place up 
to the present day the techniques discussed in this section remain fundamentally the same 
today as they were at the end of the 1980's. 
2.6.2 Seismic geophysical survey techniques 
Section 2.6.1 traced the development of five field seismic geophysical techniques: 
" refraction 
" reflection 
" surface wave (CSW and SASW) 
" cross hole 
" uphole/downhole (including SCPT) 
Details of field methods, equipment, data acquisition, data processing and interpretation 
can be found in the literature, in particular, from the mineral exploration point of view, 
Telford et al. (1990) and Lavergne (1989) describe refraction and reflection surveys. 
Descriptions of the five types of survey above, together with seismic tomography, can 
be found in Clayton et al. (1995b) which presents the civil engineers perspective of 
engineering geophysics. This section presents a brief generalised description of the 
methodology underlying the seismic method and considers the merits of the individual 
seismic surveys above in the context of ground stiffness measurement. 
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In the course of a seismic survey an elastic wave is propagated when a transfer of seismic 
energy to the ground occurs. This input of energy can be caused artificially by a falling 
weight, hammer blow or explosive charge (Clayton et al., 1995b), all of which will 
produce a single elastic impulse. In the case of continuous surface wave geophysics a 
continuous supply of impulses is provided by a vibrator fixed to the ground. The ground 
motion resulting from the energy input is detected either by geophones situated at the 
surface, or, in the case of downhole surveys, by subsurface geophones. Data are collected 
in the time domain, often using a seismograph, and with the exception of surface wave 
surveys, the time taken for the seismic wave to travel from source to receiver is 
measured. A schematic representation of equipment typically used is shown in Figure 
2.4. In the case of surveys using single pulses of energy to generate seismic waves, for 
example, refraction, crosshole, downhole and seismic cone penetration tests, signals can 
be stacked in the time domain. This may be necessary if the site is noisey in order to 
improve the signal to noise ratio. Most seismic surveys involve four stages: survey 
design, data acquisition, data processing and interpretation. 
(i) Reflection survey 
Seismic reflection surveys have traditionally been used to map subsurface geological 
structures (Telford et al., 1990; Clayton et al., 1995b) rather'than to obtain stiffness 
parameters. The method relies on measuring the travel times of P-waves that have been 
reflected back to the surface by geological interfaces between materials of different P- 
wave velocities. The ground must therefore be layered if a reflection survey is to yield 
meaningful results. The travel times to the interfaces can be measured from the seismic 
records but if the depth of the strata is to be found then the P-wave velocity must be 
known for each layer. Reflection surveys are widely used in the petroleum industry and 
in geotechnical investigations over water. The survey is non-intrusive, that is it is carried 
out from the ground surface without the need for any boreholes. Historically the seismic 
reflection survey has been unable to detect reliably shallow geological interfaces or weak 
lithology contrasts. Although recent research in the field of shallow reflection seismics 
may change this, it remains rarely used in land based site investigations. 
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(ii) Refraction survey 
Traditionally P-wave seismic refraction surveys have been used by geophysicists to 
provide deep geological sections across sites (Telford et al., 1990), and as with the 
reflection survey it is non-intrusive. For the work at shallow depth and calculation of 
stiffness moduli that is required in geotechnics S-wave surveys are necessary. S-wave 
energy can be supplied by placing a heavy object in contact with the ground (for 
example, railway sleeper) and hitting it horizontally with a sledge hammer. This produces 
horizontally polarised shear waves, some of which are transmitted down through the 
ground. Simple methods of producing S-waves having other combinations of direction of 
transmission and direction of polarisation can be found in Clayton et al. (1995b). 
Refraction surveys utilise Snell's law of refraction and rely on the critical refraction of 
waves at a geological interface between two materials having different characteristic wave 
velocities. Critical refraction can only occur if the velocity in the lower layer, V,, is 
greater than the velocity in the upper layer, V,,. This immediately imposes a limitation 
on the technique in that it can only be used when the wave velocity is greater in each 
successively deeper layer; it is unable to detect a low stiffness layer underlying a higher 
stiffness layer or identify a soft layer sandwiched between two stiff layers. 
Traditional interpretation of seismic refraction data assumes the ground to be layered, 
each layer having a constant characteristic velocity, the value of which increases for each 
successively deeper layer. The larger the velocity contrast between successive layers the 
greater the accuracy of layer depth determinations (Clayton et al., 1995b). Interpretation 
of the graphs of travel time against distance from seismic source that are plotted using 
the seismic records is theoretically straightforward. In practice this is only true for simple 
sub-surface geometries. The additional work required to deal with complicated sub- 
surface geometries is rarely considered worthwhile in the geotechnics industry. The 
conventional "layer" method of interpretation has meant that seismic refraction has been 
unable to detect a stratum where the velocity gradually increases with depth due to its 
reliance on refraction occurring at layer interfaces. In this country the case of a near 
surface layer having a stiffness increasing more-or-less linearly with depth is quite 
common, for example London clay. If a refraction survey is to be used in this situation 
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the data are fitted to a suitable inverse sinh function which corresponds to a linear 
increase of velocity with depth such as that proposed by Dobrin (1960). The refraction 
paths are now arcs of circles and from the geometry the expression for the travel time, 
T, of the seismic waves is given by: 
T=2 sinh-1 
(kD 
[2.1] r2vo 
where: 
k: increase of velocity with depth; 
D: horizontal distance from seismic source to receiver; 
vo: seismic velocity at the surface; 
and the seismic velocity, v, at depth z is given by: 
v= vo +kz [2.2] 
This alternative interpretation of refraction survey data has been used successfully by 
Abbiss (1979 and 1981) for chalk at Mundford and a variety of clays. The technique does 
suffer from the disadvantage that it requires considerable space on site since the depth 
investigated is typically less than one-half of the length of the geophone spread. Although 
the refraction survey is non-intrusive, its limitations mean that it is rarely used for 
stiffness determination. 
(iii) Surface wave survey 
Like the reflection and refraction surveys, the surface-wave survey (CSW - sometimes 
called steady state surface wave - and SASW) is non-intrusive, the testing being 
performed entirely from the ground surface. The method relies on the dispersive nature 
of surface wave propagation in the elastic half space the ground is assumed to be. This 
means that surface waves of different wavelengths propagate with different velocities, 
because they penetrate the ground to different depths. Short wavelength, high frequency 
surface waves penetrate the near surface, while long wavelength, low frequency surface 
waves penetrate deeper. Details of both types of surface wave survey and their 
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interpretation can be found in the literature (Ballard and McLean, 1975; Abbiss, 1981; 
Nazarian and Stokoe, 1984; Stokoe and Nazarian, 1985; Stokoe et al., 1989; Tokimatsu 
et al., 1991; Addo and Robertson, 1992; Butcher and Tam, in press; Clayton et al., 
1995b). Although popular in North America, the SASW survey does suffer from the 
disadvantage that the frequency range for a particular seismic source is fixed and to 
obtain an overall satisfactory frequency range several sources may be required. The 
vibrator used in a CSW survey overcomes this problem but at the low frequencies 
required for deep ground penetration signal quality may be poor. 
Determination of stiffness parameters from surface wave surveys consists of three stages: 
" field testing - measuring directly or otherwise phase angles for the required 
frequency range 
0 calculation of wavelength and surface wave phase velocity for each frequency and 
plotting the dispersion curve (wavelength or frequency against surface wave 
velocity) 
" inversion of the dispersion curve - calculation of shear wave velocity and shear 
modulus from each surface wave phase velocity and assigning equivalent depths 
to each shear modulus value 
Early work used an empirical value of one half of the wavelength, X12, for the equivalent 
depth (Heukelom and Foster, 1962; Fry, 1963; Ballard, 1964) of both uniform and 
layered media. Later Heisey et al. (1982) and Gazetas (1982) suggested that an equivalent 
depth of one third of the wavelenth, X13, was more suitable. This is supported by the 
work of Vrettos and Prange (1990) who showed that in the case of ground stiffness 
increasing with depth, the shallower equivalent depth of X/3 was indeed more 
appropriate. In a reliability study carried out by Djärf (1982) it was found that even X/3 
was often an over estimate of equivalent depth. Haskell (1953) used the matrix method 
of Thomson (1950) to determine the phase velocities for multi-layered media, where each 
layer is considered to be homogeneous and isotropic. A theoretical dispersion curve is 
produced by using empirically selected phase velocities and layer thicknesses for each 
layer as the input for an appropriate computer program. The theoretical dispersion curve 
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is compared with that obtained from field data and the assumed velocities and layer 
thicknesses adjusted until there is satisfactory agreement between theoretical and field 
dispersion curves (Nazarian and Stokoe, 1984). The matrix solution of Haskell-Thomson 
(Thomson, 1950; Haskell, 1953) has been modified over the years (Dunkin, 1965; 
Nazarian, 1984) and modified versions remain in use (Madshus and Westerdahl, 1990). 
There are other numerical inversion methods available, for example Dorman and Ewing 
(1962), Knopoff (1964), Schwab and Knopoff (1970) and Addo and Robertson (1992), 
but they are not widely used in the UK. 
The surface wave survey is non-intrusive, can be carried out in soil or rock, and although 
the depth of investigation is limited (10-12 metres in clay, 15-20 metres in weak rock), 
the technique is quick and economical to perform. It remains, however, underexploited 
in this country. Doubts have been expressed about its ability to detect layered strata, and 
if it is to be of real use to geotechnical engineers, a key issue to be resolved at the 
interpretation stage is: what equivalent depth should be assigned to the measured 
velocities and wavelengths in order that an accurate stiffness profile may be generated? 
The empirical relationships in the form of a fraction of the wavelength, X, are often not 
good enough. In many cases more sophisticated, numerical techniques are required for 
satisfactory interpretation of field results. 
(iv) Parallel crosshole survey 
Crosshole surveys are described by Stokoe and Hoar (1978), Ballard et al. (1983) and 
Clayton et al. (1995b). The technique is intrusive, that is it requires boreholes to be pre- 
drilled into the ground, but is, nevertheless, a straightforward way of determining 
horizontal shear wave velocities and of providing information on layering. The method 
relies on measuring the time taken for S-waves to travel between two points at the same 
depth in the ground, a known distance apart. The shear wave source is usually vertically 
polarised (for example, the Bison shear wave hammer) and three component receivers are 
often used. Prior to the survey three collinear boreholes are drilled to the maximum 
survey depth, logged and cased using flush coupled plastic casing. The casing is then 
grouted in place. The coordinates of the tops of the boreholes must be known as well as 
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the orientation of a line joining them together. A verticality survey must be carried out 
to enable borehole separation at each test depth to be corrected for the drift from true 
vertical that may occur during drilling. The spacing of the boreholes is a compromise - 
they should be close enough together to achieve a high signal/noise ratio and to reduce 
the possibility of detecting refracted waves, but they need to be far enough apart to 
enable accurate travel times to be measured. Typically a spacing of 5-7 metres is used. 
It is possible, if the source and nearest receiver are too close together, that the shear 
wave arrival may be masked by what are called near-field S wave components. These 
near-field components travel with the velocity of P waves but exhibit the same reversals 
that characterise genuine shear waves, when the source polarity is reversed (Sanchez- 
Salinero et al., 1986). Fortunately, in most situations in the field, the nearest receiver can 
be assumed to be in the far field, so near field effects will not be a problem. However, 
the problem has been addressed in the context of in-situ S-wave measurements by 
Mancuso et al. (1989). They used indirect numerical methods, namely, cross correlation 
and cross power spectrum methods, to determine arrival times and hence to characterise 
the soil in terms of S-wave velocity. 
The parallel crosshole survey is considered to be a reliable field method for determining 
shear wave velocities and hence shear moduli in any ground conditions (soil or rock), 
although near surface values may be unreliable, due to deteriorating signal/noise ratios. 
It has traditionally been used in the UK for major construction projects such as the 
structures and foundations for power stations, where equipment that is sensitive to 
displacement or acceleration is housed. It has been described above in the context of 
determining shear wave velocities. Most shear wave sources also generate P-waves, so 
it is possible to determine both P-wave and S-wave velocities from this type of survey. 
It has the advantage over the refraction survey in that it can detect low velocity layers 
providing they are thick compared with the source-receiver spacing. Work has been 
carried out using a torsional shear wave source which produces horizontally polarised, 
horizontally propagated shear waves (Hoar and Stokoe, 1978; Butcher and Powell, 1995; 
Sully and Campanella, 1995; Butcher and Powell, 1996), and although torsional shear 
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wave sources are not in general use as yet, they may offer the opportunity to investigate 
anisotropy. 
(v) Uphole/downhole survey 
Uphole and downhole surveys are described by Ballard and McLean (1975), Stokoe and 
Hoar (1978), Woods (1978) and Clayton et al. (1995b). Both types of survey are 
intrusive, but require only one borehole, and can be carried out in any ground conditions. 
Boreholes that have been installed for the purpose of carrying out a parallel crosshole 
survey can also be used for uphole and downhole surveys. Both these types of survey will 
determine the variation of in-situ S-wave and/or P-wave velocity with depth, and provide 
additional information about incremental velocities and layering (Ballard and McLean, 
1975). They rely on measuring the travel times of the waves between surface and 
subsurface points. An uphole survey may be carried out by placing a receiver near the 
top of the source borehole during a crosshole survey. For a downhole survey the source 
is located close to the top of the borehole (about 1 metre away) and a three component 
receiver, or better still a receiver string, suspended in the borehole. If a receiver string 
is used then travel times between adjacent receivers are measured. Knowing the distance 
between adjacent receivers enables the S- and/or P- wave interval velocity to be 
calculated. Alternatively, average velocities for layers can be determined from a time- 
depth plot in much the same way as for the refraction survey. 
(vi) Seismic cone penetration test 
In recent years the seismic cone penetration test has increased in popularity. It was 
originally developed at the University of British Columbia in Canada by Campanella and 
Robertson in the early 1980's. The test is described by Robertson et al. (1986) and 
Clayton et al. (1995b). It is an intrusive survey as during the test a probe is advanced 
into the ground. This limits the ground conditions for which the test is appropriate to 
relatively soft - it is unsuitable for rock. Cone penetration testing has been widely used 
in geotechnical investigations for over fifty years and although the profile thus obtained 
may approximate to that of ground stiffness, the introduction of seismic measurements 
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into the test enables the specific determination of G. (Robertson et al., 1986). The 
seismic cone test is simply a downhole test without the need for boreholes. It can 
therefore be carried out much quicker and is subsequently more economical. If two or 
three cone trucks are available, a crosshole test may also be carried out (Baldi et al., 
1988). 
In general downhole surveys provide more reliable values for average velocities and 
hence average stiffnesses, whereas crosshole surveys are more able to detect horizontal 
layering (Pinches and Thompson, 1990). In a strongly-layered strata some of the 
crosshole waves that are detected may have been refracted waves, leading to an over 
estimate of velocity and hence stiffness. It is clear that although crosshole and downhole 
surveys yield valuable information, they should not be used in isolation, but should be 
interpreted alongside borehole records. 
2.6.3 Stiffness measurements obtained from field seismic geophysics 
Terzaghi (1943) and Hvorslev (1949) reported that combined use of the seismic refraction 
method to measure P-wave velocities and the continuous vibration method to measure S- 
wave velocities enabled calculation of elastic modulus, E, and Poisson's ratio, v, 
providing the density, p, of the material was known. Early examples in the UK of field 
seismic geophysical methods being used to obtain stiffness values for pavement design 
are reported by Jones (1958). Values of shear and elastic moduli found from the 
continuous vibration method (or CSW) were compared with elastic moduli values 
obtained in the laboratory from longitudinal resonance techniques and uniaxial 
compression tests. Elastic moduli found from the CSW method compared well with those 
from longitudinal resonance methods, but were at least double those from uniaxial 
compression tests (Jones, 1958). Earlier work in Sweden (Bergstrom and Linderholm, 
1946) suggested that the higher values from the CSW method were more appropriate for 
use in pavement design calculations where traffic loading, that is dynamic loading, was 
present. Further work using the CSW method was carried out by Jones et al. (1967) and 
although it was possible to determine reliably the elastic modulus and layer thickness in 
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simple cases, for example single layer of cement bound material, for multi-layered 
problems the elastic moduli could only be calculated if the layer thicknesses were known. 
With the advent of crosshole, uphole and downhole surveys many examples can be found 
in the literature of these methods being used to measure in-situ shear wave velocities and 
hence calculate values of maximum shear moduli, Gam, (Stokoe and Woods, 1972; 
Ballard and McLean, 1975; Hoar and Stokoe, 1978; Stokoe and Hoar, 1978; Woods, 
1978). In all these examples the problem is one of dynamic soil-structure interaction 
and/or dynamic ground motion; for example determination of the response of a 
foundation due to dynamic loading caused by vibrating machinery, traffic, explosion, 
earthquake or ocean waves - all situations where the strain levels are low (less than 
0.001 %). Although during the 1970's stiffness measurements were obtained from field 
seismic geophysical methods they were used in the area of soil dynamics and earthquake 
engineering rather than for the prediction of ground movements, as the conceptual gap 
between dynamic and static ground stiffnesses still existed. 
Against a climate of laboratory tests underestimating ground stiffnesses and in-situ tests 
being expensive, albeit more reliable, Abbiss (1979) suggested that field seismic 
geophysical methods could provide useful information on ground stiffness. From his work 
on chalk (Abbiss, 1979) and three types of clay (Abbiss, 1981) he concluded that 
measurement of shear wave velocity provided a simple, rapid and economic way of 
investigating shear moduli variation with depth that could be used in ground deformation 
calculations involving both static and dynamic loading regimes. At two sites where CSW 
surveys and seismic refraction surveys were carried out values of shear moduli obtained 
from CSW surveys and seismic refraction surveys were not the same, indicating stiffness 
anisotropy. 
Up until 1980 the majority of shear wave velocity data were used to evaluate the dynamic 
response of soil, or structures supported on soil, during dynamic loading. In the early 
1980's shear wave velocity data began to be used to evaluate liquefaction potential (De 
Alba et al., 1984; Stokoe and Nazarian, 1985). Many comparisons of stiffness parameters 
obtained from field, laboratory and field seismic geophysical tests have taken place. Some 
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of these are reviewed in the following section, with particular emphasis on those that 
have taken place during the past decade, in the light of the growing understanding of non- 
linear stress-strain behaviour of the ground and the appreciation that the majority of 
operational strains fall within this non-linear range. 
2.6.4 Comparison of field and laboratory measurements of stiffness with those 
obtained from field seismic geophysics 
Early comparisons of stiffness moduli compared values from field seismic geophysical 
surveys with those from dynamic laboratory tests (Cunny and Fry, 1973; Anderson and 
Woods, 1975). Cunny and Fry (1973) found that laboratory moduli ranged within ± 50% 
of the moduli obtained from vibratory in-situ (CSW) tests. Tests carried out by Anderson 
and Woods (1975) showed that reasonable agreement between dynamic field and 
laboratory stiffnesses are possible providing secondary time effects are taken into account 
in the case of clay soils (Anderson and Stokoe, 1978). More recent comparisons yield 
good agreement between stiffness values from field seismic geophysical surveys, bender 
element and resonant column testing (Jamiolkowski et al., 1995), partly due to 
improvements that have taken place in obtaining good quality undisturbed samples from 
the ground. 
Morris and Abbiss (1979) used shear moduli obtained from field seismic geophysical 
tests, GS, is w,, to predict values of what was then described as static modulus, GS,,, tj, and 
compared them with moduli from pressuremeter tests, Gp, for Gault clay. In predicting 
GSmUc the different strain levels present in the seismic and pressuremeter tests were taken 
into account using the results of Hardin and Drnevich (1972b). Gt;, compared reasonably 
well with Gp, although it was recognised that further work was required to validate the 
technique which also relied on knowing values of undrained shear strength (Morris and 
Abbiss, 1979). 
With the advent of local strain measurement the gap between field and laboratory 
measured stiffness values began to close. Jardine et al. (1985) showed that stiffness 
values from high quality in-situ tests and field measurements compared well with those 
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obtained in the laboratory using local strain measurement on specimens from high quality 
thin walled push tube samples. When comparing laboratory stiffnesses with in-situ values 
they included what were still referred to as dynamic stiffness values obtained from a 
geophysical survey carried out by Abbiss in 1981. Although, as expected, the dynamic 
stiffnesses exceeded those measured in the laboratory at 0.01 % strain, they did so by only 
30 % (approximately). Further studies were carried out by Powell and Butcher (1991) who 
compared stiffness values obtained from plate loading tests, three types of pressuremeter 
tests (Menard, self-boring and push-in), small strain triaxial tests, laboratory tests using 
bender elements, and field seismic geophysical tests (CSW, refraction and seismic cone). 
They stressed the need, when making such comparisons, to compare like with like; to 
take into account for each test the mode of shearing, strain level and strain rate at which 
the test takes place, whether the test is measuring vertical or horizontal properties. 
Work on the non-linear stress-strain behaviour of geotechnical materials together with the 
plethora of stiffness data from field, laboratory and seismic tests resulted in the landmark 
paper by Tatsuoka and Shibuya (1992). Thereafter the terms "dynamic" and "static" 
stiffness became largely replaced by "very small" and "small strain" stiffness. The report 
presents a state-of-the-art review of the deformation characteristics of a wide range of 
geomaterials subjected to monatonic and cyclic loading, the emphasis being on very small 
and small strain behaviour. The report showed, inter alia, that, for a wide range of 
geotechnical materials, stiffness values obtained from field, laboratory and seismic tests 
can be related providing the strain level dependency of stiffness is accounted for. 
Operational stiffnesses backcalculated from ground movements were compared with those 
obtained from field seismic geophysics and it was found that operational stiffnesses varied 
from 20 - 70 % of G, depending on the strain level. In the conclusions it was 
recommended that where ground stiffness values were required, values of field shear 
wave velocity and hence shear modulus, G,, =, should be measured as part of the 
investigation. This can be achieved by carrying out field seismic geophysical surveys. 
Many case studies have since been published, for example Hight et al. (1992); Tatsuoka 
et al. (1993); Ochi et al. (1993); Kim et al. (1994); Tatsuoka (1994); Tatsuoka and 
Kohata (1995). Although the specific issues addressed by each of these studies vary they 
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all present stiffness data from a selection of field (pressuremeter, plate loading tests), 
laboratory (small strain triaxial tests carried out on high quality samples) and field 
seismic geophysical tests. In some cases (Ochi et al., 1993; Tatsuoka et al., 1993; 
Tatsuoka, 1994) stiffnesses from back analysed ground movements are also included. The 
conclusions include: 
" confirmation of earlier findings that stiffness values obtained from field, 
laboratory and field seismic geophysical tests plus stiffnesses back calculated from 
ground movements can only be related providing the strain level dependency of 
stiffness is accounted for 
" it may also be necessary to account for other factors, for example stress history, 
anisotropy 
0 the majority of operational strains are less than 0.1 
" stiffness values for static deformation analyses can be obtained from field seismic 
geophysical surveys providing corrections are made for the strain level 
dependency of stiffness 
2.7 Summary 
With the growing need to predict accurately ground movements around geotechnical 
structures it has become important to obtain realistic stiffness parameters to use in 
deformation analyses. Laboratory samples, no matter how carefully they are taken, will 
always be affected by the sampling process; one aspect of field seismic geophysical 
surveys is that they measure stiffness at the in-situ stress level but at strain levels that 
may be too low. However, the margin by which the operational stiffness is overestimated 
in seismic surveys is often relatively small. Seismic techniques are based on sound, well 
established elastic theory and moduli are determined at known, although very small, 
strains. Stiffness values thus obtained are measured in situ, the soil is undisturbed and the 
stiffnesses are determined for a large volume of soil. 
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Historically the poor reputation and hence rare use of field seismic geophysics in civil 
engineering has evolved due to a combination of factors: 
0 geophysicists inadequate understanding of soil mechanics and the constraints 
within the civil engineering industry in general 
" unrealistic expectations of civil engineers as to what information individual field 
seismic geophysical surveys will provide 
Although there has been an increase in the use of geophysical surveying methods in the 
site investigation industry over the past decade (McCann and Culshaw, 1996), the 
attitudes described above unfortunately still persist today, as shown by a recent report 
published in 1996 entitled Engineering geophysics (Ground Engineering, 1996). Despite 
the current need for accurate ground stiffness values at small strain levels, and the 
knowledge that the margin by which field seismic geophysical surveys over estimate 
operational stiffnesses is relatively small, very few land based site investigations 
incorporate any form of field seismic geophysical testing to provide measurements of 
ground stiffness. 
This work investigates the use of seismic waves to provide ground stiffness values that 
can be used in geotechnical calculations, and evaluates, in engineering terms, the 
applicability of a number of field seismic geophysical survey techniques to the site 
investigation industry. Particular attention is given to the most under utilised field seismic 
geophysical technique in the UK, the continuous surface wave method. Important findings 
include the use of this method to detect successfully layered strata, specifically, softer 
materials beneath stiffer materials and a thin compressible layer sandwiched between two 
stiffer layers. A strategy for using this non-intrusive, rapid and economic method is 
presented. The strategy offers an alternative method of interpretation to those relying on 
empirical relationships that assign equivalent depths of fractions of the wavelength to 
stiffness values measured, and which have long been recognised as being inadequate. 
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The importance of the work to the practicing geotechnical engineer lies in its clear 
demonstration of the benefits of incorporating at least one type of field seismic 
geophysical survey into a well thought out, well planned ground investigation. A field 
seismic geophysical survey is not only capable of yielding direct information on ground 
stiffness, which, providing strain levels are taken into account, can be used to aid 
geotechnical design and the prediction of ground movements, but also can be used as an 
upper bound by which to assess stiffness measurements obtained from other tests, 
laboratory or in situ. 
4 
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CHAPTER 3 PILOT SCALE LABORATORY EXPERIMENT ON A 
LAYERED MODEL 
3.1 Introduction 
To investigate the ability of the surface wave technique to detect layers of differing 
moduli a pilot-scale layered model was constructed in the controlled conditions of the 
laboratory. A model consisting of three layers of granular material on completion was 
envisaged. The aim of the testing programme was to use the surface wave technique to 
acquire data from idealised layered systems. The particular layered systems to be studied 
were: 
" horizontal layering, where the modulus is greater at depth 
" horizontal layering, where the modulus is less at depth 
" horizontal layering, low modulus layer sandwiched between higher modulus 
material 
3.2 Very small and small strain stiffness 
In Chapter 1 (refer to Figure 1.1) an idealised representation of the variation of stiffness 
with strain was presented which incorporated the following: 
" very small strains: E<0.001 % 
" approximately linear elastic stress-strain behaviour in the very small strain region 
" stiffness at a constant maximum value in the very small strain region (G., E". 0 
" small strains: 0.001 %<E<1% 
" highly non-linear stress-strain behaviour in the small strain region 
" stiffness values strain level dependent 
The extent of the linear elastic range for soils is difficult to judge (Jardine et al., 1991), 
but it is thought to lie within the very small strain region. The very small strain stiffness 
of such materials is therefore equal to the maximum stiffness, that is G, 0.001 = G. In 
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the case of cemented materials the linear elastic range is more extensive (Jardine et al., 
1991). The stress-strain behaviour of intact, strongly cemented chalk has been found to 
be linear up to strains of about 0.03% (Matthews and Clayton, 1993). Clearly the very 
small strain stiffness is still equal to the maximum stiffness, but this maximum value is 
also equal to stiffnesses measured at strains larger than 0.001%, providing they are 
within the linear elastic range. It has also been shown in the case of cement treated sandy 
soils that the elastic limit strain is larger than 0.001% (Tatsuoka et al., 1993), and that 
artificially cemented soils can exhibit linear stress-strain behaviour up to strain levels of 
0.03% (Jardine, 1995). In this chapter two materials are considered, one uncemented 
(sand) and one artificially cemented (sand/cement mixture). Values of maximum stiffness 
were sought for both materials. Whilst in the case of the sand this entailed measurement 
of the very small strain stiffness, for the sand/cement, measurement of the small strain 
stiffness at strain levels within the linear elastic range provided the required values of 
maximum stiffness. The term G,,, thus implies very small strain conditions for the sand 
but not for the sand/cement. 
3.3 Preliminary design 
Before the final design of the model emerged, three necessary activities took place: 
" selection of suitable materials for the three layers 
" trial run in the laboratory of a surface wave test on a single layer of sand 
" forward modelling of shear wave velocities and shear moduli for the physical 
model at each stage during its construction 
3.3.1 Selection of materials 
Apart from the requirement that the materials selected had to be readily available for use 
under laboratory conditions, the main criteria used in the selection process was the 
seismic velocity contrast between materials of adjacent layers. To this end a variety of 
(i) sands and (ii) sand/cement mixtures were tested in the laboratory. 
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(i) Testing of dry sands 
Drained triaxial tests were carried out on reconstituted samples of a range of dry sands 
varying: 
" specimen height and diameter 
" density 
" grain size 
" stress history 
Table 3.1 summarises the tests carried out. 
In each test Hall effect local axial strain devices were used to provide values of secant 
Young's modulus, E, as a function of axial strain throughout the small strain region. In 
addition to E, the maximum shear modulus, GI., was measured using piezoceramic 
bender elements installed in a conventional triaxial cell. Although the actual magnitude 
of the strains associated with the propagation of shear waves from bender elements has 
not been measured, it is thought to be less than 0.001 % (Schultheiss, 1981; Dyvik and 
Madshus, 1985), hence shear moduli found from this method will be the very small strain 
shear moduli. In the tests carried out on specimens nominally 100 mm in diameter, radial 
strains were also measured locally in order that values of Poisson's ratio, v, could be 
calculated. 
Small strain stiffness measurement using local strain devices is now carried out routinely 
in many commercial soil testing laboratories. However, although the use of piezoceramic 
bender elements is extensively reported in the literature, for example Shirley and 
Hampton (1978), Schultheiss (1981), Dyvik and Madshus (1985), Thomann and Hryciw 
(1990), Viggiani and Atkinson (1995), Gordon and Clayton (in press), and a minority of 
specialist commercial laboratories currently use the technique, measurement of G. using 
bender elements is not widely carried out commercially. Details of the use of 
piezoceramic bender elements to measure shear wave velocities and hence calculate G,,, a,, 
are given in Appendix A, together with the methodology associated with the interpretation 
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of such tests. A schematic diagram illustrating the accommodation of bender elements 
into a standard triaxial cell together with the additional apparatus required for data 
acquisition is shown in Figure 3.1. The local radial strain measuring device has been 
omitted for clarity. 
A typical graph of secant Young's modulus, E, against local axial strain, c., is shown in 
Figure 3.2. As expected, locally measured stiffnesses in the small strain region (0.001 % 
<E<1 %) exhibited the highly non-linear behaviour associated with this strain range. 
Shear moduli calculated from the locally measured secant Young's moduli and those 
calculated from measurements of shear wave velocity, G1 and G respectively, are 
compared in Figure 3.3. Values of G calculated from shear wave velocity 
measurements obtained from bender element data were more or less constant and 
consistently higher than those calculated from local strain measurements (refer to Figure 
3.3). A summary of all the stiffness data from the programme of tests carried out on dry 
sands is included in Table 3.1. 
The key information that this programme of tests provided for the preliminary design of 
the layered model was: 
" shear wave velocity range of 194 - 321 m/s 
" G,,. range of 0.058 - 0.17 GPa 
for dry sands. 
(ii) Testing of sand/cement mixtures 
At this stage it was decided that adjacent layers of the model should differ in stiffness by 
approximately a factor of ten. This would lead to a detectable velocity contrast between 
adjacent layers of about three (assuming similar values of density). Therefore, in the light 
of the results from the sand testing programme, a mixture of sand and ordinary Portland 
cement (OPC) was sought that had a maximum shear modulus in the region of 2 GPa. 
The strength of the material also had to be considered in the context of "breaking out" 
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the model on completion of the testing programme. Although this was a pragmatic rather 
than a technical consideration, it was thought prudent to take it into account when finally 
selecting the model materials. As a guide to the composition of the early sand/cement 
mixes data presented by Williams (1986) were used. Typical values for secant Young's 
modulus, E, (often referred to as the modulus of elasticity in the concrete materials 
technology literature) of cement treated materials are elusive. However, for a 
sand/cement mix with a cement content of 10%, a value of 8.9 GPa is quoted for E 
measured at one third of the compressive strength (Williams, 1986). Uniaxial 
compression tests, with local axial strain measurement, were carried out on 38 mm 
specimens of sand/cement. The water/cement ratio was 0.6 (by weight) in all cases and 
the cement content was a percentage of the total solid content by volume. After 
preparation the specimens were moist cured for seven days. Initial tests were carried out 
seven days after specimen preparation, and in some cases further tests were carried out 
fourteen, twenty one and twenty eight days after specimen preparation. Initial mixes 
containing 5% cement proved to be too friable and samples were unable to maintain their 
integrity on removal of the mould. Subsequent mixes containing 10% cement were 
handled successfully and used for the testing programme. 
Table 3.2 summarises the tests carried out and the results obtained for secant Young's 
modulus and shear modulus at 0.01 % strain. For an artificially cemented material such 
as a sand/cement mixture, providing 0.01 % strain is within the linear elastic region, G0.01 
will be the same as G,.. When calculating the shear moduli values, Poisson's ratio was 
assumed to be 0.14, in accordance with a value quoted by Williams (1986) for a 
sand/cement mixture with a cement content of 10%. 
With reference to Table 3.2, the secant Young's modulus measured in the Test sand/OPC 
1 (10% cement content) was lower than the value quoted by Williams (1986), but of the 
same order of magnitude. The difference may have been due to, inter alia, a different 
water/cement ratio or the cement content being measured by weight rather than volume. 
The locally measured shear modulus for Test sand/OPC 1 was 2.0 GPa at a strain level 
of 0.01%. To check the repeatability of this result three further tests were carried out 
using a cement content of 10%. In two cases, Test sand/OPC 3 and Test sand/OPC 4, 
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tests were carried out 7,14,21 and 28 days after the sample had been prepared. The 
results are summarised in Table 3.2. Results for Test sand/OPC 3 and Test sand/OPC 
4 show the material stiffness increasing between days 7 and 14, after which little change 
takes place. A typical graph of secant Young's modulus against axial strain is shown in 
Figure 3.4. It can be seen from Figure 3.4 that the linear elastic range for the 
sand/cement mix extends to approximately 0.025 % strain. This means that the locally 
measured shear moduli at 0.01 % strain can be considered to be the maximum shear 
modulus, G. 
The key information from the testing of sand/cement (10% cement content) required for 
the preliminary design of the layered model was: 
41 G. range of 1.7 - 3.0 GPa 
" the material itself was friable yet samples could maintain their integrity when the 
mould was removed 
The requirement that the sand/cement should have a maximum shear modulus in the 
region of 2 GPa was satisfied, and the fact that the material was very friable meant that 
the "breaking out" process should not be too problematic. Therefore at this stage it 
seemed feasible to construct a three layered model consisting of two layers of 
sand/cement (10% cement content) with a layer of sand between them. 
3.3.2 Trial on sand 
The purpose of carrying out a trial surface wave test on a single layer of sand in the 
laboratory was: 
" to check that the equipment required to carry out the test, much of which had 
been designed to carry out larger scale surveys in the field, was able to operate 
effectively in the small scale confined conditions present in the laboratory 
" to check that realistic values of surface wave velocity (and hence shear wave 
-63- 
velocity and shear modulus) were recoverable from the data collected 
Preliminary equipment specification 
The equipment used to carry out the surface wave test comprised: 
"a seismic source 
" four seismic receivers (minimum of two essential) 
0a seismograph 
The seismic source was a Ling Dynamic Systems 400 series (406) vibrator or shaker. The 
vibrator basically consists of a mass on a spring. The spring is attached to a base plate 
which is bedded into the ground surface during surveys. The mass is caused to oscillate 
when the vibrator is connected to a power oscillator, in this case a Ling Dynamic 
Systems power oscillator model PO 100. The power oscillator drives the vibrator at 
known frequencies causing it to oscillate continuously and sinusoidally in the vertical 
plane. The frequency range of the vibrator goes up to 9000 Hz, and the power oscillator 
has a maximum frequency range of 0.1 to 9999 Hz. For the application of surface wave 
surveys in the field, the minimum useful frequency is determined by the deterioration of 
signal quality as the signal frequency reduces, and occurs at about 5 Hz. The maximum 
useful frequency imposes no limitation on field work as frequencies greater than 500 Hz 
are rarely used. 
The seismic receivers used were Sensor SM-6 model B surface geophones of the moving 
coil electromagnetic type. Essentially the geophone consists of a coil suspended between 
the poles of a permanent magnet and relies on the principles of electromagnetic induction 
for its operation. The geophone is placed vertically in the ground by means of a metal 
spike. When the ground moves vertically so too does the permanent magnet, but due to 
inertia the spring tends to remain in the same position. The relative motion between the 
coil and the magnetic field causes a potential difference to be induced across the terminals 
of the coil. The magnitude of the induced potential difference is directly proportional to: 
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" the strength of the magnetic field 
" the radius of the coil 
" the number of turns in the coil 
" the velocity of the coil relative to the magnet 
This potential difference is applied, by means of a geophone take out cable, to the 
seismograph where it is recorded. The geophone described here, which is shown 
schematically in Figure 3.5, will respond to vertical motion. Due to its structure there 
will be no relative motion between the coil and the magnet as a result of horizontal 
motion. 
The seismograph used was a Bison Instruments 9000 series (9012) digital instantaneous 
floating point (DIFP), signal stacking (sometimes referred to as signal enhancement) 
seismograph. The importance of signal stacking and the conditions necessary in order for 
stacking to be appropriate will be discussed in Chapter 4. For the trial surface wave test 
carried out on a single layer of sand, and for subsequent surface wave tests carried out 
on the layered model, stacking was neither necessary or appropriate. DIFP seismographs 
have a much larger dynamic range than traditional fixed gain seismographs and have 
overcome problems associated with the large amplitude variability inherent in seismic 
signals. 
Preparation for the surface wave test 
A layer of dry sand of the type to be used in the final layered model (Tests sand3a and 
sand5a) was spread over the floor of the laboratory to a depth of approximately 200 mm 
and occupying an area of approximately 6.25 m2 (2.5 mx2.5 m). The vibrator was 
placed in the middle of the sand layer and four geophones were placed co-linearly with 
the vibrator along the centre line of the sand layer. Figure 3.6 shows the layout of 
seismic source and receivers used for the trial surface wave experiment. Prior to 
commencing the experiment, the possible range of frequencies that would penetrate the 
sand layer was predicted. The predictions were based on the stiffness values found from 
the laboratory tests that had been carried out on dry sands, and used the empirical 
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interpretation of assigning an equivalent depth of X/2 to the shear wave velocities 
considered. The frequencies calculated were those corresponding to the minimum and 
maximum shear wave velocities measured for the dry sands for two depths, one within 
50 mm of the top of the sand layer referred to as the minimum equivalent depth, the 
other within 50 mm of the base of the sand layer referred to as the maximum equivalent 
depth (refer to Figure 3.7). For minimum and maximum equivalent depths of 50 mm and 
150 mm respectively, wavelengths of 100 mm and 300 mm respectively are assumed. 
The predictions are presented in Table 3.3 and show that the likely useful frequency 
range is 589 to 2923 Hz. 
Interpretation of results 
Data that have been collected and stored by the seismograph were subsequently 
transferred to a personal computer using a communications software package (Mirror). 
The transferred data were processed using software written in Quickbasic by the author. 
This software converts raw data in the time domain into ASCII format, and in the case 
of surface wave tests, data in the time domain were converted into the frequency domain 
using a standard fast Fourier transform (FFT) routine. The code for the FFT routine was 
adapted from that given by Press et al. (1992). The method relies on the number of data 
being a power of 2. If this is not the case then the data set should be "padded" with zeros 
up to the next power of two (Press et al., 1992). For the trial on sand seismic records 
of 2000 samples were taken. This meant that the software was required to "pad" the end 
of the data set with 48 zeros, bringing the total number of data to 2048, that is the next 
power of 2. Tests carried out on simulated sinusoidal waveforms showed that the addition 
of 48 zeros had a negligible effect on the phase angles which formed part of the FFT 
output. The software, which is interactive, enabled traces both in the time domain and 
the frequency domain to be displayed on the computer screen. Further details of software 
written by the author to process seismic data both in the laboratory and in the field are 
given in Appendix B. 
For the trial surface wave test carried out on a single layer of sand, the shear wave 
velocity - depth profile and hence the maximum shear modulus - depth profile were 
-66- 
obtained using the method described by Abbiss (1981). The output from the FFT 
provided the phase angle and frequency data for each of the driving frequencies used in 
the test, and the receiver separation was measured. The receiver separation, d, and the 
phase angle, 0, between the signals detected at the receivers are related, by simple 
proportions, to the wavelength, X, of the signal as shown in equation [3.1], providing the 
receiver separation is less than the wavelength. 
1_d 360 
0 
[3.1] 
With the wavelength and frequency, f, known, the velocity of the surface wave, V, can 
be calculated from: 
V, =f' [3.2] 
Values of the equivalent shear wave velocity, V, are subsequently calculated using the 
equation relating Vr, V, and C, a factor depending on Poisson's ratio (refer to Section 
1.2, equation [1.13]). 
VS=V C-1 [3.3] 
At the conclusion of the test measurements of mass density, p, were carried out at several 
locations on the sand layer using a 38 mm sample tube. Values of maximum shear 
moduli, G.., were calculated from: 
Gmax _P V2 [3.4] 
Equivalent depths, deq, for each velocity or modulus were calculated on the basis of the 
empirical relation: 
deq 
2 
[3.5] 
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Findings of the trial on sand 
Results from the trial surface wave test are given in Table 3.4. When calculating the 
shear wave velocity from the surface wave velocity, Poisson's ratio was assumed to be 
0.2 and hence a value of 1.098 was used for C in equation [3.3] (Jones, 1958). It can be 
seen from Table 3.4 that: 
0 the range of frequencies that provided data within the sand layer (754.7 to 2463.0 
Hz) all lie within the predicted range of 589 to 2923 Hz 
" values of shear wave velocity (178.5 - 226.2 m/s) and maximum shear modulus 
(0.054 - 0.087 GPa) agree well with those measured using bender elements in 
Test sand3a, where the same type of sand was used 
Graphs of shear wave velocity against depth and maximum shear modulus against depth 
are shown in Figure 3.8. 
The trial surface wave experiment on sand was successful in that it answered both the 
questions posed at its outset, that is it confirmed: 
" that the equipment was capable of operating effectively in the small scale, 
confined conditions of a laboratory environment 
" realistic values of shear wave velocity and maximum shear modulus could be 
recovered 
It did, however, raise a number of practical issues that would need addressing when the 
final layered model was tested, namely: 
(i) the magnitude of the frequencies used was outside the optimum working range for 
the geophones. This was not immediately obvious from the manufacturers 
performance curve (refer to Figure 3.9), which only considered frequencies up to 
-68- 
300 Hz. In practice the performance of the geophones deteriorated rapidly at 
frequencies higher than 2000 Hz. The manufacturer confirmed that the 
performance of the SM 6B would be unreliable at such frequencies (Pers. 
Comm., 1993). Although it was possible to process the data from the trial surface 
wave experiment, it was deemed prudent to consider alternative receivers that 
were designed to operate at the frequencies likely to be necessary when testing the 
layered model, that is frequencies up to 9000 Hz. 
(ii) due to the design of the analogue filtering system that the seismograph 
incorporated, at frequencies greater than 2000 Hz progressively larger proportions 
of the original signal are filtered out. The Bode plot shown in Figure 3.10, based 
on that presented in the instruction manual of the sesismograph, illustrates this 
point. 
The sand/cement that it was proposed to use as the base and top layer of the final layered 
model was likely to be about ten times stiffer than the sand used in the trial surface wave 
experiment. The frequencies required to measure near-surface stiffnesses in the 
sand/cement would therefore be higher than those required in the trial experiment. As an 
example, for sand/cement having a maximum shear modulus of 1.7 GPa and density of 
1940 kg/m3, the shear wave velocity would be 936 m/s and the surface wave velocity 853 
m/s (assuming a Poisson's ratio value of 0.2). To measure the stiffness of this material 
at a depth of 50 mm, the wavelength of the surface wave would be 100mm and therefore 
the frequency required would be 8530 Hz. This would be beyond the range of frequencies 
at which the geophones would operate effectively. As an alternative to using geophones 
and a seismograph it was decided to also use accelerometers as receivers which could be 
linked to a storage oscilloscope via a charge amplifier. 
The trial surface wave test on a single layer of sand also showed that at distances beyond 
im from the vibrator the signal was barely detectable due to attenuation, hence reflected 
seismic energy was unlikely to be a problem. 
A further practical point that was addressed at this stage was the method by which 
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compaction of each layer would be achieved during model construction. Trials were 
carried out using a vibrating plate compactor. Operating frequencies high enough to 
prevent the vibrating plate compactor "digging" into the sand caused a level of vibration 
of the ceiling below the mezzanine floor that was considered unacceptable. It was 
therefore decided to use the gentler option of a water filled roller. The dimensions of the 
roller used were approximately 0.27 metres (diameter) and 0.42 metres (length) with a 
total mass of 25.6 kilogrammes when full of water. 
Modified equipment specification 
As a result of the surface wave test on the single layer of sand the equipment listed in the 
preliminary specification was extended to include: 
" accelerometers 
" charge amplifier 
" storage oscilloscope 
" phasemeter 
The accelerometer is a transducer. Those used in this work (D. J. Birchall Ltd., A/123/E) 
were piezo-electric accelerometers whose voltage output was proportional to acceleration. 
They were used as an alternative to geophones as seismic receivers, and had an 
operational frequency range of 0.7 Hz - 100 kHz. The accelerometers were used in 
conjunction with a charge amplifier (D. J. Birchall Ltd., CA/04/N). Connections between 
the accelerometers and the charge amplifier were made via microdot cable and 
connectors. The signal outputs from the charge amplifier provided the input signals for 
the oscilloscope. 
The oscilloscope used was a Gould digital storage oscilloscope, model 4035. It could be 
used in conjunction with either geophones or accelerometers. The oscilloscope enabled 
the displacement-time waveforms from both receivers to be displayed flicker free for an 
indefinite period of time. Two cursors were available on either trace, and the time and 
voltage differences between them was displayed on the screen. Phase differences between 
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the two displacement-time waveforms received at the geophones or accelerometers were 
calculated from the time difference between these two cursors. Typical displacement - 
time waveforms displayed on the oscilloscope screen are shown in Figure 3.11. 
Throughout the testing of the layered model comparisons took place between phase 
differences obtained from the output of an FFT when the seismograph was used, those 
calculated from time differences when the storage oscilloscope was used and those 
obtained directly from a phase meter (Feedback digital phase meter, model DPM 609). 
The phase differences found from the FFT and the storage oscilloscope lead to a value 
of phase velocity, whilst those measured by the phase meter lead to a value of group 
velocity (phase and group velocities as defined in Section 1.2). Although the surface wave 
velocities from the two phase differences are unlikely to be the same, a close correlation 
will nevertheless indicate that the data collected throughout the layered model experiment 
are valid. The results of the comparative surveys of data from the FFT output, storage 
oscilloscope and the phase meter are shown in Figure 3.12. Quantitatively comparisons 
between the phase differences obtained from the FFT output and the phasemeter, and 
those obtained from the oscilloscope and the phasemeter agreed to within 5% in the vast 
majority of cases (89%), with an average absolute angular difference of 3°. 
3.3.3 Location of the model 
There were two possible locations for the model: 
0 in a sunken concrete pit of areal dimensions 1.21m x 2.45m and depth of 1.35m 
" on the surface of a mezzanine floor in one of the department's laboratories, the 
dimensions of which could accommodate a model of areal dimensions 2.5m x 
2.5m 
The advantages of the pit were: 
no need to construct formwork 
" economical due to small area, hence more modest quantities of material required 
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The main disadvantage was: 
" the proximity and nature of the model boundaries (concrete on all four sides) 
made the possibility of reflections (single or even multiple) off the side boundaries 
interfering with the signals detected at the receivers a real one 
The advantages and disadvantages of constructing the layered system on the mezzanine 
floor surface were the converse of those stated for the pit. A crucial issue was the effect 
of the nature and proximity of the system boundaries on the surface wave test data 
collected. 
If the model was to be constructed on the surface of the mezzanine floor, a further 
consideration was the floor loading. Checks were carried out to ensure that the maximum 
allowed floor loading would not be exceeded. A value for the maximum permitted floor 
loading was obtained from the original working drawings for the building that were 
drawn up in 1966 and retained by the University Works Department. The maximum 
permitted floor loading was 160 lb/sq. ft (781 kg/m2). The predicted floor loading when 
all three layers of the model (as described in the final specification - Section 3.4) were 
in place was 762.5 kg/m2. This value assumed lower values of density for the 
sand/cement than were measured in laboratory testing. This was considered a valid 
assumption as the method of compaction used in the laboratory testing was likely to yield 
higher densities of sand/cement than those that would be found in the physical model. 
3.3.4 Forward modelling 
The dynamic finite element analyses carried out by the author to model the layered 
geometries that were to be constructed in the laboratory used two programs from a 
collection known as the FRUIT suite written by M. J. Gunn. The actual analyses were 
carried out by the dynamic finite element program PRUNE. PRUNE, which is capable 
of one, two and three dimensional dynamic (elastic) analysis, was used in conjunction 
with FUDGE, a data generation program. The aims of the finite element analyses carried 
out in this chapter were: 
-72- 
(i) To assist in the selection of the location for the physical layered model, within a 
pit or free standing on a floor slab. This involved examining the fixity conditions 
of the model boundaries and their proximity to the testing equipment for the 
locations described in Section 3.3.3. Early modelling used estimated material 
properties. A measure of the suitability of a location was the ability of the 
dynamic finite element analysis to allow the theoretical shear wave velocity, 
predicted from the material properties that formed part of the input of the 
analysis, to be recovered from the output of the analysis. In this work the shear 
wave velocity is recovered if the value calculated from the output of the analysis 
is within 10% of that predicted from the material properties used for the analysis 
input. 
(ii) With reference to the findings of (i), to check, using material properties obtained 
from the laboratory testing previously carried out, that the theoretical shear wave 
velocity was recoverable from the dynamic finite element analysis in the case of 
a single layer of sand/cement. 
(iii) To assist in the design of the physical model with particular reference to the 
thickness and stiffness of adjacent layers. Layer thicknesses and stiffnesses were 
sought such that at each stage during the construction of the physical model, 
theoretical shear wave velocities were recoverable from the dynamic finite 
element model when analyses were carried out. The specific aims are described 
in (iv), (v) and (vi). 
(iv) To investigate the effect of stiffness contrast (or stiffness ratio) on the 
recoverability of the theoretical shear wave velocities from the dynamic finite 
element analyses, when two layers of equal thickness but differing stiffness are 
in place. The case of a low modulus layer overlying a high modulus layer and 
vice versa was considered. In both cases an initial stiffness contrast of ten was 
selected, as this was the value considered at the preliminary design stage of the 
physical model. 
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(v) To investigate the effect of layer thickness ratio on the recoverability of the 
theoretical shear wave velocities from finite element analyses when, for a two 
layer system, the stiffness contrast remains constant and the layer thickness ratio 
is varied. 
(vi) To check the findings of (iv) and (v) using material properties obtained from the 
laboratory testing in conjunction with the proposed geometry of the physical 
model. 
(vii) To check the recoverability of the theoretical shear wave velocities from the 
dynamic finite element analyses of a two layer system, having adjusted the 
thickness of the second layer in the light of results obtained from surface wave 
tests carried out on a single layer of sand/cement (refer to Section 3.6.3) 
(viii) To check further the recoverability of the theoretical shear wave velocities from 
dynamic finite element analyses of a three layer system, having adjusted the 
thickness of the second (middle) and third (top) layers in the light of results 
obtained from surface wave tests carried out on a two layer system comprising a 
base layer of sand/cement overlain by a layer of sand (refer to Section 3.6.6) 
All the finite element analyses carried out in this work are two dimensional axi-symmetric 
analyses. The results contained in the output files are presented and discussed; details of 
how the input files are set up can be found in Appendix C. 
Software written by the author to process data collected in the field using a seismograph 
(refer to Section 3.3.2 - Interpretation of results and Appendix B) was adapted to convert 
PRUNE output data from the time domain to the frequency domain. The software was 
validated, successfully, by comparing phase angles found from post-processing the FFT 
output with those measured graphically. The two phase angle values agreed to within 3° 
or better. 
The shear wave velocities were recovered from the dynamic finite element analysis output 
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by the following sequence of operations: 
" edit Prune output file and write displacement - time data for selected nodes in 
ASCII format 
0 transform data in the time domain to the frequency domain by means of an FFT 
" derive phase differences between nodes for the frequency at which the analysis 
was carried out from the FFT output 
" calculate wavelength, surface wave velocity and shear wave velocity from 
equations [3.1], [3.2] and [3.3] respectively 
In addition, if required, displacement-time data for selected nodes could be imported into 
a spreadsheet and displacement-time graphs plotted for each node. Phase differences 
between nodes can then be measured graphically. This was carried out as part of the 
validation of the processing software, where phase differences found graphically were 
compared with those obtained from the FFT. For each series of dynamic finite element 
analyses conditions were sought (for example layer thickness ratios, stiffness contrasts) 
whereby the theoretical shear wave velocity, predicted from the material properties that 
formed part of the input of the dynamic finite element analysis, can be recovered from 
the output of the analysis. 
To assist in the selection of the location for the physical layered model a series of finite 
element analyses (series 1) was carried out for a single layer of material. The fixity 
conditions, dimensions and material properties used are shown in Figure 3.13. The results 
showed that it was not possible to recover the theoretical shear wave velocity predicted 
from material properties with the fixity conditions and dimensions that the, pit imposed 
(Figure 3.13a). This was thought to be caused by the presence of multiple reflections of 
seismic energy from the concrete walls of the pit, the closest of which was 0.5m from 
the vibrator. Although the attenuation of the signal was likely to be much greater in 
practice than in the finite element analyses, the analyses did show that even a single 
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reflection led to a 20% error in shear wave velocity recovered (shear wave velocity 
calculated from material properties used for the analysis input was 510 m/s, whereas that 
recovered from the analysis output after one reflection was 615 m/s). Analyses carried 
out using the fixity conditions appropriate for a free standing model on the laboratory 
floor, in conjunction with lateral dimensions greater than those of the pit (Figure 3.13b), 
enabled the predicted shear wave velocity to be recovered to within 2% or less (shear 
wave velocity calculated from material properties used for the analysis input was 510 
m/s, whilst those recovered from analyses outputs ranged between 500 and 504 m/s). The 
dimensions of the free standing model analysis mean that by the time the seismic energy 
reaches the side boundaries of the model so much attenuation has taken place that 
reflected energy is unlikely to be a problem. 
At the time that series 1 of the finite element analyses was carried out the laboratory 
testing of dry sands and sand/cement was still in progress. On completion of the 
laboratory testing programme a second series of finite element analyses (series 2) was 
carried out for a single layer of sand/cement using the fixities and lateral dimensions for 
the free standing model (Figure 3.14a) in conjunction with the material properties found 
from the laboratory testing. Series 2 was extended to include analyses that used the 
fixities, dimensions (both lateral and vertical) and material properties of the free standing 
single layer of sand described in Section 3.3.2 (Figure 3.14b). The results for both sets 
of conditions shown in Figure 3.14 confirmed the recoverability of the theoretical shear 
wave velocities from the finite element analyses output to within 3% or less. For the 
sand/cement (Figure 3.14a), the shear wave velocity predicted from the material 
properties used for the analysis input was 833 m/s, and those recovered from the analyses 
outputs were between 809 and 839 m/s. For the sand (Figure 3.14b) the shear wave 
velocity predicted from the material properties used for the analysis input was 204 m/s, 
and those recovered from the analyses outputs were between 201 and 208 m/s. 
So far only single layers of material had been considered in the dynamic finite element 
analyses. Several series were then carried out to investigate the effect of layer thickness 
ratios and stiffness contrasts when two layers of differing stiffnesses were present. 
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Series 3 incorporated two layers of differing stiffnesses and equal depths. The fixity 
conditions, dimensions and material properties used are shown in Figure 3.15a. The base 
layer, a material of stiffness G2, was overlain by a material of stiffness G1, where G2 = 
10 G,. This modelled the second stage of the layered system to be built in the laboratory 
where sand/cement is overlain by sand. Analyses were carried out for a range of 
frequencies. Whilst the theoretical shear wave velocity for the upper (less stiff) layer was 
recoverable (to within 2.5 %), it was not possible to recover the shear wave velocity for 
the lower stiffer layer (Figure 3.15b). 
Series 4 reversed the stiffness contrast by having a stiffer layer overlying a less stiff layer 
where G2 = 0.1 Gl (Figure 3.16a). The theoretical shear wave velocities of both layers 
were recoverable, the upper layer to within 2.5 %, the lower layer to within 4.5 %, and 
the material interface was detected (Figure 3.16b). 
Series 5 retained the condition of equal depths (dl = d2), reverted to a stiff layer 
overlying a less stiff layer but reduced the stiffness contrast to G2 =2 Gl (Figure 3.17a). 
Again the theoretical shear wave velocity for the upper layer was recoverable (to within 
0.5%), and although for a particular range of frequencies the theoretical shear wave 
velocity of the base layer was approached, it proved impossible to recover it to within 
10% or better (Figure 3.17b). 
Series 6 reverted to GZ = 10 Gl and changed the depth ratio to d2 =4 dl (Figure 3.18a). 
The theoretical shear wave velocity for the upper layer was again recoverable (to within 
5.5%). As with series 5 the theoretical shear wave velocity for the base layer was 
approached, but not recovered completely, that is it was not possible to recover it to 
within 10% or better (Figure 3.18b). 
Series 7 retained G2 = 10 Gl but further changed the depth ratio to d2 =9 dl (Figure 
3.19a). In the case of the upper layer the theoretical shear wave velocity was recovered 
to within 5.5%. In the case of the lower layer the theoretical shear wave velocity was 
gradually developed until the theoretical value was recovered to within 5% (Figure 
3.19b). 
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A final series of analyses (series 8) for the forward modelling stage was carried out using 
stiffness values for the sand/cement and sand found from the laboratory testing in 
conjunction with the proposed dimensions of the physical model (Figure 3.20a). The layer 
thickness ratio was increased from an initial value of 4 until the theoretical shear wave 
velocity in the base layer was recovered to within less than 10%. This occurred when d2 
=6 dl. For this layer thickness ratio the theoretical shear wave velocity was recoverable 
to within 2% for the upper layer and 6% for the lower layer. A graph of equivalent depth 
against shear wave velocity for d2 =6 dl is shown in Figure 3.20b. The following 
points are noted from Figure 3.20b: 
" it was not possible to obtain any data points within the top 55 mm of the base 
layer 
" the shear wave velocity in the base layer was gradually developed with increasing 
depth until the theoretical value was recovered to within 6% 
" it was not possible to obtain any data points within 65 mm of the base of the base 
layer 
The findings of the dynamic finite element analyses carried out to aid the design of the 
physical model are summarised in Table 3.5. In Table 3.5 where two layers of material 
are present the suffixes associated with depths, d, and stiffnesses, G, relate to the layers 
of the model where the upper layer is layer 1 and the lower layer is layer 2. Data from 
the forward modelling are given in Appendix D. 
The forward modelling shows that: 
" the pit is unsuitable for the construction of the physical layered model 
" the free standing model of larger areal dimensions is suitable for the construction 
of the physical layered model 
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" for two layers of differing stiffnesses, when a stiffer layer overlies a less stiff 
layer both theoretical shear wave velocities can be recovered to within 10% or 
better 
0 for two layers of differing stiffnesses, when a less stiff layer overlies a stiffer 
layer, both the stiffness contrast and layer thickness ratio influence the 
recoverability of the theoretical shear wave velocity of the stiff layer 
" the analyses were unable to recover data to the full depth of the base layer 
possibly due to reflections arising from the fixity conditions of the base which 
modelled the high stiffness reinforced concrete floor on which the model would 
be built 
3.4 Final model design 
In the light of the laboratory testing of dry sand and sand/cement, the trial surface wave 
test on a single layer of sand, the forward modelling and the floor loading check, the 
final specification for the physical layered model was as follows: 
0a three layer free standing model of areal dimensions 2.5m by 2.5m, total depth 
450 mm 
"a base layer of sand/cement (10% cement, water/cement ratio 0.6), depth 300 mm 
"a second layer of washed sharp sand, depth 50 mm 
0a third layer of sand/cement (10% cement, water/cement ratio 0.6), depth 100 
" centre line of model to run along load bearing wall under mezzanine floor 
It was possible that the depths of the second and third layer would be altered in the light 
of the results of the surface wave survey carried out on the base layer, but the total depth 
could not exceed 450 mm in order that the total floor load remained within the maximum 
permitted load. 
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3.5 Model construction 
3.5.1 Preliminary work 
Suitable formwork was designed and built using timber and chipboard. The finished 
formwork is shown ' in Figure 3.21. Levelling rails were nailed to the inside of the 
formwork at heights of 100 mm, 200 mm and 300 mm measured from floor level. The 
floor area where the model was to be built was covered with a heavy duty polythene 
sheet and the formwork placed on top. 
3.5.2 Base layer 
The base layer was placed over a two day period. During the first day a total depth of 
approximately 200 mm of sand/cement was placed. The sand/cement was mixed on the 
ground floor of the laboratory. It was then transferred from the concrete mixer to a wheel 
barrow and craned up to the mezzanine floor where it was placed in the formwork. The 
sand/cement was compacted when the depth after levelling was 100 mm. Further 
compaction was carried out when the total depth of sand/cement after levelling was 200 
mm. During the second day sand/cement was placed until the uncompacted depth was 
greater than 300 mm. Final compaction was carried out, and the base layer was levelled 
and finished at 300 mm. The activities that took place during the laying of the base layer 
of the model are shown in Figures 3.22 - 3.24. The completed base layer is shown in 
Figure 3.25. 
The surface of the base layer was covered with a sheet of polythene to aid curing and left 
for a minimum of seven days before commencing surface wave testing. 
3.5.3 Second layer 
On completion of the surface wave testing of the base layer all the instrumentation was 
removed. Levelling rails were nailed to the inside of the formwork at a height of 60 mm 
measured from the surface of the base layer. The second layer of the model (sharp 
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washed sand) was placed to a depth greater than 60 mm, compacted and levelled at 60 
mm (360 mm measured from floor level). The completed two layer system is shown in 
Figure 3.26. 
3.5.4 Third layer 
On completion of the surface wave testing of the two layer system all the instrumentation 
was again removed. A further set of levelling rails were nailed to the inside of the 
formwork at a height of 20 mm above the surface of the second layer (380 mm measured 
from floor level). The depth of the second layer was increased by over 20 mm, 
compacted and levelled at 80 mm (380 mm measured from floor level). The reasons for 
the change in depths of the second and third layers are discussed in section 3.6.6. A thin 
polythene membrane was placed over the sand to prevent mixing when the top layer of 
sand/cement was laid. The third layer of sand/cement (now 70 mm) was placed in the 
same way as that described in Section 3.5.2. It was compacted and levelled at 70 mm 
(450 mm measured from floor level). The complete three layer system is shown in Figure 
3.27. 
3.6 Model testing 
3.6.1 Surface wave testing of base layer 
Ten days after the completion of the base layer, surface wave testing commenced. A 
series of surface wave surveys were carried out as described in Section 3.3.2 but 
incorporating the variations of equipment listed below: 
" vibrator, power oscillator, seismograph and geophones 
" vibrator, power oscillator, storage oscilloscope and geophones 
" vibrator, power oscillator, storage oscilloscope, charge amplifier , and 
accelerometers 
The spikes of the geophones were removed and replaced by metal disks of diameter 40 
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mm. To aid good acoustic coupling between the seismic source (vibrator) and receivers 
(geophones or accelerometers) and the sand/cement surface, both source and receivers 
were "glued" onto the sand/cement surface using plaster of Paris. During the first survey 
(using a seismograph and geophones as shown in Figure 3.6) it soon became apparent 
that most of the useful frequencies, that is those that would penetrate the sand/cement 
layer, were over 2000 Hz. The signal strength was therefore poor due to the analogue 
filtering system that the seismograph used (refer to Section 3.3.2). To overcome this 
problem a storage oscilloscope (Gould digital storage oscilloscope, model 4035) was 
used, initially in conjunction with the geophones. The geophones themselves imposed 
further limitations on the survey; at frequencies greater than 3000 Hz the signal quality - 
was so poor as to be unprocessable. To extend the range of the survey accelerometers 
were used in conjunction with a charge amplifier (D. J. Birchall Ltd. CA/04/N). The 
seismograph was used for the first survey carried out on the base layer; subsequent 
surveys used the storage oscilloscope in conjunction with either geophones (for the lower 
frequencies) or accelerometers (for the higher frequencies). The layout of the seismic 
source and receivers (geophones and accelerometers) is shown in Figure 3.28. Detail of 
an accelerometer and the method used to affix it to the sand/cement is shown in Figure 
3.29. The instrumentation used, together with how it is linked to the seismic source and 
receivers, is shown in Figure 3.30. 
3.6.2 Interpretation of results for base layer 
The results from the first survey carried out using the seismograph were interpreted using 
the method described in Section 3.3.2. For subsequent surveys the phase difference was 
measured directly from the storage oscilloscope and used to calculate wavelength, surface 
wave velocity, shear wave velocity and maximum shear modulus as before. This latter 
method of interpretation is quicker and more direct than that described in Section 3.3.2. 
Equivalent depths for all surveys were 'calculated on the basis of the empirical relation 
given in equation [3.5], that is X/2. A graph of equivalent depth against shear wave 
velocity for the base layer of sand/cement is shown in Figure 3.31. 
An error analysis was carried out for each source frequency. Potential sources of error 
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when calculating shear wave velocity values include: 
" incorrect estimation of Poisson's ratio, hence incorrect value of C used in 
equation [3.3] 
" incorrect measurement of the signal frequency 
" incorrect measurement of the receiver separation 
" incorrect measurement of the phase differences. 
If the likely range of Poisson's ratio values for granular cement treated materials quoted 
by Williams (1986) is assumed, the error due to incorrect estimation of Poisson's ratio 
will affect the shear wave velocity by up to about 1 %. At the interpretation stage of 
surface wave tests the driving frequency displayed on the power oscillator was compared 
with the peak frequency of the Fourier spectrum. In all cases the signal frequencies from 
these two methods agreed to within 0.2 Hz. It was assumed that in the controlled 
conditions of the laboratory the receiver separation could be measured to within lmm. 
The uncertainty involved in the measurement of the phase differences is assumed to be 
30, as discussed in Section 3.3.2. Incorrect measurement of receiver separation and phase 
differences will also lead to errors when calculating the wavelength (refer to equation 
[3.1]) and hence the equivalent depth (refer to equation [3.5]). 
An example of the method used to calculate the possible error involved for each shear 
wave velocity value is given in Appendix E. The percentage errors calculated for the 
shear wave velocities obtained from the surface wave test are included in Appendix F, 
where all data from the surface wave testing carried out on the layered model are 
presented. Error bars for the shear wave velocity are marked on Figure 3.31. 
An important practical corollary of the direct measurement of phase differences is that 
the method allows immediate processing to take place as the data are collected. Gaps in 
a data set can therefore be filled as the survey progresses. If phase differences are 
obtained from FFT's carried out after downloading survey data back at "base", the only 
way of filling in any gaps in the data is to return to site and carry out another survey. 
This at best can be inconvenient and at worst not possible. This aspect of surface wave 
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testing will be discussed further in Chapter 5. 
3.6.3 Design re-evaluation 
So far all numerical modelling and surface wave tests (base layer of sand/cement and 
sand trial) had been unable to detect depths very close to the surface (within 30 mm in 
the case of the base layer of sand/cement). With this in mind it was decided to increase 
the depth of the second layer (washed sharp sand) to 60 mm. 
3.6.4 Surface wave testing of two layer system 
All surveys were carried out using the storage oscilloscope in conjunction with either 
geophones or accelerometers. Fixing the accelerometers rigidly to the sand was 
problematic. A schematic representation of the optimum arrangement, that is the 
arrangement that resulted in the best received signal quality, is shown in Figure 3.32. 
3.6.5 Interpretation of results for two layer system 
Phase differences were measured directly from the storage oscilloscope and used to 
calculate wavelength, surface wave velocity, shear wave velocity and maximum shear 
modulus. A graph of equivalent depth against shear wave velocity for the two layer 
system of sand/cement overlain by sand is shown in Figure 3.33. Error bars were 
calculated as described in Section 3.6.2 and Appendix E. 
3.6.6 Design re-evaluation 
It was evident from the surface wave testing of the two layer system that the depth ratio 
and stiffness contrast of the two layers enabled the full velocity of the base layer to be 
developed. It was possible therefore to increase the depth of the sand layer. The final 
depths of the sand and top sand/cement layer were adjusted to 80 mm and 70 mm 
respectively. 
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3.6.7 Surface wave testing of three layer system 
All surveys were carried out using the storage oscilloscope in conjunction with either 
geophones or accelerometers, and as with the surveys carried out on the base layer, the 
seismic source and receivers were "glued" onto the sand/cement surface using plaster of 
Paris. 
3.6.8 Interpretation of results for three layer system 
Phase differences were measured directly from the storage oscilloscope and used to 
calculate wavelength, surface wave velocity, shear wave velocity and maximum shear 
modulus. A graph of equivalent depth against shear wave velocity for the three layer 
system (sand/cement overlain by sand overlain by sand/cement) is shown in Figure 3.34. 
Error bars were calculated as described in Section 3.6.2 and Appendix E. A further graph 
of equivalent depth against shear wave velocity for all the surface wave tests carried out 
at each stage during the construction of the layered model is shown in Figure 5.5 in the 
Discussion. Data from all the surface wave testing carried out on the layered model are 
presented in Appendix F. 
3.7 Laboratory testing on samples taken from the model 
On completion of the surface wave testing of the layered model, the model was 
dismantled in three stages. 
With the formwork still in place, the top sand/cement layer was cut into rectangular slabs 
using a circular saw. Great care was taken not to disturb the middle sand layer. The slabs 
were then cut into cuboids nominally 300 x 70 x 70 mm. Measurements of compressional 
wave velocities were carried out on all cuboids according to BS 1881: Part 203: 1986, 
together with measurements of density. The velocity measurements were carried out using 
a portable ultrasonic non-destructive indicating tester (PUNDIT). A schematic 
representation of the apparatus used to measure the compressional wave velocities is 
shown in Figure 3.35. Values of maximum Young's modulus were then calculated from: 
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2 (1+v) (1-2v) Ems =-p Vp 
(1-v) 
[3.6] 
where: 
E,.: maximum Young's modulus 
p: density 
VP: compressional wave velocity 
v: Poisson's ratio (assumed to be 0.2 (Williams, 1986)) 
As with the equations given in Section 1.2, equation [3.6] assumes a homogeneous, 
isotropic elastic medium. Values of maximum shear modulus and shear wave velocity 
were calculated from the maximum Young's moduli and compared with those found from 
the surface wave testing of the layered model. These results are summarised in Table 3.6. 
Measurement of small strain secant Young's modulus using concrete compression testing 
apparatus (Denison compression machine) in conjunction with demec pips and gauge was 
carried out on a limited number of cuboids. A schematic representation of this apparatus 
is shown in Figure 3.36. At an axial strain levels between 0.01 and 0.02 % the range of 
secant Young's modulus obtained was 0.66 - 0.78 GPa. These static compression tests 
were carried out as a check that the stiffnesses measured by the dynamic testing methods 
(shear wave velocity measurement from surface wave tests and compressional wave 
velocity measurement) were of the right order of magnitude. Due to the strain levels 
involved in the different testing methods it is perfectly feasible that values obtained from 
the static tests are lower than those from shear or compressional wave velocity 
measurement. 
A series of depth measurements were taken over the middle sand layer, again with the 
formwork still in place, in order to calculate the total volume of sand. The sand was then 
removed in batching buckets of known mass in order that the total mass of sand could 
be calculated. An average value of the density of the middle sand layer was calculated. 
No further testing of the sand was undertaken. There was no obvious method of checking 
in-situ values of shear wave velocity, maximum shear modulus or small strain shear 
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modulus, and reconstituted specimens had already been tested when selection of materials 
for the layered model had taken place. 
The formwork was then removed and the base layer of sand/cement was cut into 
rectangular slabs using a Kango hammer. Three layers of slabs were removed each 
approximately 100 mm deep. The position and depth of each slab was recorded and the 
slabs subsequently cut into cuboids nominally 300 mm x 70 mm x 70 mm. The same 
testing regime was carried out on samples from the base layer of sand/cement as had 
been undertaken for the top sand/cement layer. Shear wave velocity values from surface 
wave testing and from compressional wave velocity measurements are summarised in 
Table 3.6. The range of small strain (0.01 - 0.02%) secant Young's moduli for the top 
third of the base layer of sand/cement was 1.03 - 1.24 GPa. 
Data from the laboratory testing that was carried out on samples taken from the model 
as it was dismantled are presented in Appendix G. 
3.8 Summary 
A three layer model has been constructed to investigate the ability of the surface wave 
technique to detect: 
" horizontal layering, where the modulus is greater at depth 
" horizontal layering, where the modulus is less at depth 
" horizontal layering, low modulus layer sandwiched between higher modulus 
material 
The final design of the model evolved as a result of three activities: 
"a programme of laboratory testing to enable appropriate selection of materials 
"a trial surface wave test to verify the suitability of the apparatus/instrumentation 
required for data acquisition 
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"a programme of dynamic finite element analyses to enable a suitable location to 
be selected together with suitable layer thickness ratios and stiffness contrasts 
Surface wave tests were carried out successfully at three stages during model 
construction. The results of the surveys and the implications are discussed in detail in 
Chapter 5. Briefly the surveys: 
" were able to detect all three layer configurations 
" confirmed findings of the dynamic finite element analyses 
" were themselves validated by laboratory testing on samples taken from the 
physical model during dismantling 
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,i 
Test Test 
day 
% OPC Density 
(kg/m3) 
Secant Young's 
modulus 
(GPa) 
Shear modulus 
(GPa) 
sand/OPC 1 7 10 1971 4.5 2.0 
sand/OPC 2 7 10 1940 3.8 1.7 
7 4.7 2.1 
sand/OPC 3 14 10 1896 6.8 3.0 
21 6.5 2.9 
28 6.6 2.9 
7 4.3 1.9 
sand/OPC 4 14 10 1927 5.6 2.5 
21 5.2 2.3 
28 5.3 2.3 
Table 3.2 Summary of uniaxial compression tests carried out on 
sand/cement mixes. Values of secant Young's modulus 
are quoted at 0.01 % strain and values of shear modulus 
are calculated assuming a value 0.14 for Poisson's ratio. 
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Minimum equivalent depth Maximum equivalent depth 
Surface Wavelength Frequency Surface Wavelength Frequency 
wave wave 
velocity velocity 
(m/s) (m) (Hz) (m/s) (m) (Hz) 
Minimum 
shear wave 176.7 0.1 1767 176.7 0.3 589 
velocity 
(194 m/s) 
Maximum 
shear wave 292.3 0.1 2923 292.3 0.3 974 
velocity 
(321 m/s) 
Table 3.3 Predicted range of frequencies for trial surface wave test on single 
layer of sand (surface wave velocities calculated assuming v=0.2) 
Frequency 
(Hz) 
Wavelength 
(mm) 
Surface wave 
velocity 
(m/s) 
Shear wave 
velocity 
(assuming 
v=0.2) 
(m/s) 
Shear 
modulus 
(GPa) 
Equivalent 
depth 
(X/2) 
(mm) 
754.7 268 202.3 222.1 0.083 134 
1000.0 206 206.0 226.2 0.087 103 
1256.0 143 179.6 197.2 0.066 72 
1567.0 113 177.1 194.5 0.064 57 
1969.0 91 179.2 196.8 0.066 46 
2463.0 66 162.6 178.5 0.054 33 
Table 3.4 Summary of results for trial surface wave test on single layer of 
medium dense sand (density = 1692 kg/m) 
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Finite Number Depth Stiffness Dimensions and Material Conclusions: in 
element of layers ratio ratio fixity properties terms of ability to 
analysis recover shear 
wave velocity* 
Series 1 1 N/A N/A Those of pit Estimated Unable to recover 
compared with for pit conditions. 
those of free Recovered for free 
standing model. standing 
conditions. 
Series 2 1 N/A N/A Fixity as for free Measured Recovered for 
standing model. both sand and 
Depth and sand/cement. 
materials varied. 
Series 3 2 d2=d1 G2= 10G1 Fixity and lateral Measured Upper layer (1) 
dimension as for recovered. Not 
free standing possible to recover 
physical model. lower layer (2). 
Total depth 1 m. 
Series 4 2 d2=di G2=0.1G, As series 3 Measured Both layers 
recovered. 
Series 5 2 d2=d1 G2=2G, As series 3 Measured Upper layer (1) 
recovered. Lower 
layer (2) 
approached but 
not fully 
recovered. 
Series 6 2 d2=4d, G2=10G, As series 3 Measured As series 5 
Series 7 2 d2=9d, G2=10G1 As series 3 but Measured Both layers 
total depth 2 m. recovered. For 
lower layer (2) the 
shear wave 
velocity gradually 
develops until the 
theoretical value is 
reached to within 
10%. 
Series 8 2 Varied G2= lOG, As proposed for Measured As series 7 when 
physical model. 
L 
d2=6d1. 
* shear wave velocity (Va) is recovered if Va from the analysis output is within 10 
of that predicted from the material properties that formed part of the analysis input 
Table 3.5 Summary of results of forward modelling 
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Range of shear wave velocities (m/s) 
(assuming v=0.2) 
From surface From compressional 
wave testing wave velocity 
measurement 
Top layer sand/cement 534 - 560 489 - 559 
Base layer sand/cement 627 - 732 632 - 721 
below d (refer to Figure 3.34) 
Table 3.6 Summary of shear wave velocity results from surface 
wave testing and compressional wave velocity 
measurements carried out on samples taken from the 
layered model 
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bender 
elements 
Hall effect 
local 
axial strain 
gauges 
Figure 3.1 Accommodation of bender elements into a standard triaxial cell 
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Figure 3.2 Typical graph of secant Young's modulus against log (local 
axial strain (%)) in the small strain region for dry sand 
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Figure 3.3 Typical graph comparing shear moduli of dry sand calculated 
from: a) local strain measurement (Gk.,, ) and 
b) shear wave velocity measurement (G n,. x) 
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Figure 3.4 Typical graph of secant Young's modulus against 
log (local axial strain (%)) for sand/cement 
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Figure 3.5 Schematic diagram of geophone 
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Figure 3.6 Layout of seismic source and receivers for trial surface wave test 
on single layer of sand 
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Figure 3.7 Minimum and maximum equivalent depths to aid calculation of 
required frequency range for trial surface wave test on single layer 
of sand 
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Figure 3.8 Shear wave velocity / G,,,, x against equivalent depth for trial 
surface wave test on single layer of sand 
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Figure 3.9 Frequency response curves for SM6 B geophone 
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Figure 3.10 Bode plot of analogue filters at 4 Hz (high pass) and 2000 
Hz (low pass) 
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Figure 3.11 Typical displacement - time waveforms displayed on 
oscilloscope screen 
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load load 
........................... .................................... .................................... .................................... .................................... .................................... .................................... ................................... .................................... .................................... 
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> 
.................................... 
5.0 m 
maximum secant Young's modulus = 109 Pa 
density = 1600 kg/m 3 
Poisson's ratio = 0.2 
Shear wave velocity = 510 m/s 
a) Pit 
mabmum secant Young's modulus = 109 Pa 
density = 1600 kg/m 3 
Poisson's ratio = 0.2 
Shear wave velocity = 510 m/s 
b) Free standing model 
Figure 3.13 Summary of conditions for finite element analyses: series 1 
load 
1. O m 
madmum secant Young's modulus =3x 10 9 Pa 
density = 1800 kg/m 3 
Poisson's ratio = 0.2 
Shear wave velocity = 833 m/s 
a) Free standing model 
(sand/cement parameters) 
load 
I0.2m 
FI 
1.25 m 
madmum secant Young's modulus = 1.7 x 108 Pa 
density = 1700 kg/m 3 
Poisson's ratio = 0.2 
Shear wave velocity = 204 m/s 
b) Free standing model 
(conditions for trial on sand) 
Figure 3.14 Summary of conditions for finite element analyses: series 2 
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Figure 3.15 Summary of conditions and results for finite element 
analyses: series 3 
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Figure 3.16 Summary of conditions and results for finite element 
analyses: series 4 
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Figure 3.17 Summary of conditions and results for finite element 
analyses: series 5 
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Figure 3.18 Summary of conditions and results for finite element 
analyses: series 6 
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Figure 3.19 Summary of conditions and results for finite element 
analyses: series 7 
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Figure 3.20 Summary of conditions and results for finite element 
analyses: series 8 
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Figure 3.21 Completed formwork 
Figure 3.22 Laying the base layer: mixing the sand/cement 
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4 
Figure 3.23 Laying the base layer: placing the sand/cement 
r- i- - 
Figure 3.24 Laying the base layer: compacting the sand/cement 
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Figure 3.25 Completed base layer 
Figure 3.26 Completed two layer system 
Figure 3.27 Completed three layer system 
-111- 
to seismograph 
via take-out cable 
or directly to 
oscilloscope/phasemeter geophones 
dg 
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da - receiver spacing for accelerometers 
a) Schematic representation 
b) Actual equipment 
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CL 
Figure 3.28 Layout of seismic source and receivers for surface wave tests 
on layered model 
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Figure 3.29 Detail of accelerometer 
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a) Instrumentation 
b) Linkage of instrumentation to seismic source and receivers 
Figure 3.30 Instrumentation used and its linkage to seismic source and 
receivers 
-114- 
0 
0.05 
E 0.1 
N 
a - 0.15 
aý ro 
w o. 2 
0.25 
0.3 
fd4ý 
KtS1 ý 
WIN 
xx 
lol 
ýi 101 
101 
lol w 
101 
0 100 200 300 400 500 600 700 800 900 1000 
Shear wave velocity (m/s) 
Key: I sand/cement 
Figure 3.31 Equivalent depth versus shear wave velocity for base layer of 
sand/cement mix 
Figure 3.32 Method of attaching accelerometers to sand surface 
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to pulse generator 
Figure 3.35 Schematic representation of apparatus used to measure the velocity 
of compressional waves through sand/cement 
load 
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Demec pips 
Figure 3.36 Schematic representation of apparatus used to measure small strain 
secant Young's modulus of sand/cement 
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CHAPTER 4A CASE STUDY IN THE LONDON CLAY 
4.1 Introduction 
In this chapter the work moved from the controlled environment of the laboratory, where 
the continuous surface wave technique had been investigated (Chapter 3), to the field 
environment of the practicing geotechnical engineer. The objectives of the field work 
were: 
" to study the interrelation of stiffness results from three field seismic geophysical 
methods: parallel crosshole, continuous surface wave and seismic cone penetration 
test 
" to compare stiffness values obtained from the field seismic geophysical methods 
with those obtained from laboratory testing and alternative in-situ field testing 
(self-boring pressuremeter tests) 
In order to achieve these objectives a case study carried out in the London clay is 
presented. Much of the case study formed part of a commercial ground investigation 
where accurate stiffness values were sought. In addition to the main case study, 
continuous surface wave and parallel crosshole surveys were carried out at a London clay 
site adjacent to the University of Surrey, where the London clay is overlain by about 1.5 
metres of dense silty sand with medium fine flint gravel. 
4.2 Background information 
4.2.1 Details of the site 
The site of the main case study is located in North London. Precise details of the location 
together with the names of the engineering consultants and site investigation contractors 
involved to-date are not given here as the project has yet to be constructed. Information 
used in this work that has been obtained from the report on the original site investigation 
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or the geotechnical report prepared by the engineering consultant for the Department of 
Transport will be attributed to The Contractor and The Consultant respectively. 
Geological records indicate that the site is underlain by Eocene strata, principally the 
London clay (The Contractor, 1993). The depth of the London clay extends beyond 30 
metres with the top 10 to 15 metres affected by weathering and periglacial action (The 
Consultant, 1994). There are several old stream channels running across the site and 
groundwater levels are near the surface (The Consultant, 1994). 
The site is the location of a major road junction improvement scheme involving the 
construction of twin-bore cut and cover tunnels and extensive retaining walls. The scheme 
is approximately 1.8 kilometres in length and runs through a built-up urban area with 
residential properties within 10 metres of the proposed 9-metre-high retaining walls. 
4.2.2 The original site investigation 
The original site investigation was carried out during August and September of 1992. The 
extent of the site investigation is summarised in Table 4.1. This site investigation has 
already been discussed briefly in Section 2.4, where it was cited as an example of a more 
thorough (as opposed to "routine") site investigation incorporating more sophisticated 
testing, both field and laboratory. Those tests undertaken as part of the original site 
investigation that qualify it for "more thorough" status were: 
" unconsolidated undrained triaxial tests with mid-plane pore water pressure and 
local axial strain measurement carried out on specimens obtained from high 
quality samples 
" self-boring pressuremeter tests 
The unconsolidated undrained triaxial tests were carried out on hydraulically jacked thin- 
wall tube samples taken from borehole 6 (BH6), which was located in the critical area 
of the site closest to buildings likely to be affected by the construction (refer to Figure 
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4.1). However only two small strain stiffness tests were carried out on specimens from 
samples obtained at 3.0-3.6 metres and 7.0-7.6 metres depth. 
A programme of seventy two self-boring pressuremeter tests, all in the London clay, was 
carried out in eight boreholes to a maximum depth of 32 metres. One of the self-boring 
pressuremeter holes, SBP3, was located 30 metres from BH6 (refer to Figure 4.1), in the 
critical area of the site. The specialist company contracted to do this work reported that: 
"The tests themselves were carried out in a manner designed to obtain the best in-situ 
lateral stress and elastic stiffness data possible, occasionally at the expense of other 
parameters" (The Contractor, 1993). 
4.2.3 Information obtained from the original site investigation 
Stiffness values were required for the finite element analyses and structural design of the 
tunnels and retaining wall elements of the scheme. They were also required for ground 
movement analyses carried out to assess the effects of the construction on nearby 
buildings. The consultant responsible for the design of the scheme needed accurate 
stiffness values over the strain range of 0.01 % to 0.1% axial strain, that is the 
operational strain range for retaining wall behaviour (Mair, 1993), and to this end 
intended to use stiffness values obtained in the ground investigation from the 
unconsolidated undrained triaxial tests with mid-plane pore water pressure and local axial 
strain measurement and the self-boring pressuremeter tests. 
The results from the two unconsolidated undrained triaxial tests with local axial strain and 
mid-plane pore water pressure measurement and the self-boring pressuremeter tests that 
formed part of the original site investigation are shown together in Figure 4.2. Values 
of undrained secant Young's modulus, E,,, from the triaxial tests are given for a strain 
level of 0.1 %. Values of undrained Young's modulus from the self-boring pressuremeter 
tests were calculated from unload-reload values of shear modulus, G,,, using equation 
[4.1] (refer to Section 1.1): 
Eu=2G, (1+vu) [4.1] 
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where: 
P: undrained Poisson's ratio (assumed to be 0.5) 
Only values of Gr where the mean strain level during the self-boring pressuremeter test 
was less than 0.5 % were considered. With one exception, all such tests were carried out 
at a mean strain level between 0.1 % and 0.5 %. The one exception was a test carried out 
at a mean strain level of 0.04%. This meant that all but one of the undrained Young's 
moduli values, which had been derived from the self-boring pressuremeter unload-reload 
shear moduli values, were obtained at strain levels outside the operational strain range 
for retaining wall behaviour (Mair, 1993). 
Figure 4.2 shows a wide scatter of results. Moreover, the actual stiffness values are 
uncharacteristically high for London clay for the strain levels at which the self-boring 
pressuremeter tests were carried out. Values of undrained Young's modulus from a 
London clay site at Canons Park, presented by Jardine et al. (1985), have also been 
plotted on Figure 4.2 to illustrate this second point. (The actual values of Fw for Canons 
Park presented by Jardine et al. (1985) were at 0.01 % strain (E0.0 ). In order to compare 
these values with those obtained from the original site investigation of this case study, 
values of E at 0.1 % strain were required (F o. l). The values were calculated from the 
product of E 0.01 and L, the index of linearity, which for Canons Park has an average 
value of 0.39 (Jardine et al. 1985). It is the calculated values of E,, 0.1 that are plotted on 
Figure 4.2. ) 
In the light of the stiffness data shown in Figure 4.2 the consultant responsible for the 
design of the project commissioned a parallel crosshole geophysical survey to be carried 
out in the critical area of the site closest to buildings likely to be affected by the 
construction. In addition to this, further small-strain laboratory testing was to be carried 
out on hydraulically jacked thin-wall tube samples taken during the installation of one of 
the boreholes required for the geophysical survey. Although only the parallel crosshole 
geophysical survey and additional small-strain laboratory testing formed part of the 
Ground Investigation Interpretive Report compiled by the consultant, the author was 
given permission to return to the site and undertake further field seismic geophysical 
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surveys. 
4.3 Geophysical testing 
All the field seismic geophysical surveys were carried out in the critical area of the site, 
that is the area closest to buildings likely to be affected by the construction works. The 
following field seismic geophysical surveys were carried out: 
0 parallel crosshole shear-wave survey 
" surface wave survey 
" seismic cone (downhole) shear-wave survey (carried out by the Building Research 
Establishment) 
Since the site was next to a busy main road, all three surveys were carried out at night. 
Most of the data acquisition took place during the quietest traffic period which was 
between 0200 hours and 0400 hours. 
4.3.1 Parallel crosshole shear-wave survey 
The principles of the parallel crosshole survey have been discussed in general terms in 
Section 2.6.2. A typical specification for the borehole installation is given in Appendix 
H. An important aspect of the specification is the "displacement" method by which the 
casing is grouted into place to ensure good acoustic coupling between seismic sources and 
receivers and the ground. For this survey three collinear cased boreholes, GP1, GP2 and 
GP3, were installed at nominally 7 metre centres to a depth of 20 metres below ground 
level. A verticality survey was carried out by Robertson Geologging Limited. The 
purpose of the verticality survey was to ascertain the borehole separation at each test 
depth as discussed in Section 2.6.2. A schematic plan showing the position of boreholes 
GP1, GP2 and GP3 in relation to the original borehole (BH6) from which thin-wall tube 
samples were taken and the two nearest self-boring pressuremeter holes (SBP3 and SBP7) 
is shown in Figure 4.1. 
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The equipment used to carry out the parallel crosshole survey comprised: 
"a seismic source 
" two seismic receivers 
"a seismograph 
"a trigger 
The seismic source used was a Bison shear wave hammer (model 1465-1). The hammer 
consists of a weighted shuttle and an anvil. The anvil is hydraulically clamped against the 
side of one of the end boreholes, known as the source borehole, and a rope is attached 
to the shuttle. The rope passes over a pulley suspended from an A-frame positioned over 
the top of the borehole. A "down" blow is caused by allowing the shuttle to fall the 
maximum length of travel (0.38 m) under gravity against the fixed anvil, and an "up" 
blow is caused by raising the shuttle sharply against the anvil. The hammer produces 
vertically-polarised shear waves which are propagated horizontally through the ground. 
Reversal of the source polarity is achieved by the use of "down" blows and "up" blows. 
The shear waves produced by the "down" and "up" blows of the hammer exhibit phase 
reversals. These phase reversals are used to assist in the identification of the onset of the 
shear waves. 
The seismic receivers used for this survey were single-cluster three-component Oyo Pick 
geophones. The single cluster comprises three orthogonal geophones, one of which 
responds to ground motion in the vertical plane, the other two sensing ground motion in 
orthogonal horizontal directions. One such three component geophone was clamped in 
each of the remaining two boreholes, at the same level as the Bison hammer. The general 
modus operandi of geophones has been described in Section 3.3.2. 
The seismograph described in Section 3.3.2 was used. Specific record lengths are 
available and these are determined by the number of samples recorded for each channel 
and the sample rate. Record lengths of 0.2 seconds were required for the shallower 
depths (1.5 m- 12 m), and these were achieved with 2000 samples at a rate of 0.1 
milliseconds. For depths greater than 12 metres record lengths of 0.1 seconds were 
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sufficient comprising 1000 samples at a rate of 0.1 milliseconds. The seismograph will 
only record a seismic waveform in full, without aliasing, if, as stated in the Nyquist 
theorem, the sampling frequency is greater than twice the highest frequency component 
in the wave form being sampled; that is there must be more than two samples per cycle 
for the highest frequency component. For example, a 200 Hz signal sampled at 250 Hz 
(4 ms) will alias as 50 Hz (refer to Figure 4.3). In the parallel crosshole survey described 
here a sample rate of 0.1 milliseconds, that is a sampling frequency of 10000 Hz, was 
used. Half of this value, 5000 Hz, is known as the Nyquist frequency. Frequencies within 
the signal that are higher than the Nyquist frequency will alias as lower frequencies from 
which they are indistinguishable, as shown in Figure 4.3. Aliasing is thus a frequency 
ambiguity which results from the sampling process. A Nyquist frequency of 5000 Hz is 
unlikely to be a problem in this survey, as typically shear wave frequencies are less than 
100 Hz (see below). 
A hydrophone suspended just above the hammer was used to detect the waves initiated 
when the shuttle struck the anvil, and this in turn triggered the seismograph. The 
seismograph is unlikely to be triggered at the exact instant that the shuttle strikes the 
anvil, to. This would present problems if only two boreholes were used, that is one 
source borehole and one receiver borehole, since to is unknown. However with three 
boreholes, one source and two receiver, to does not need to be known. The difference, 
At, in the times at which the incoming shear waves are recorded at the two receivers, tl 
and t2, is the time taken for the shear waves to travel between them. Assuming the path 
that the shear waves travel is a straight horizontal line between the two receivers, then 
the shear-wave velocity can be calculated. Use of two receivers also mitigates any phase 
shifting of the received signal that may occur due to amplification and filtering of the 
signals. Figure 4.4 shows a schematic representation of the equipment set-up in the field. 
The assumption that the shear waves travel from source to receivers in a straight line is 
true for ground where the velocity is constant with depth. This is rarely the case in 
practice. Theoretical models for correcting shear wave velocities for ray path curvature 
are presented by Hryciw (1989). The constitutive equation governing the model 
frequently assumed for the London clay, that is a linear velocity distribution, where the 
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velocity increases with depth, is given by (Hryciw, 1989): 
V=Vo+mz 
where: 
V: velocity at depth z; 
VO: velocity at test depth; 
m: velocity gradient; 
z: depth coordinate with origin at test depth. 
[4.2] 
Equations that can be used to calculate m and VO at each test depth are presented by 
Hryciw (1989). It is worth noting that it is not possible to obtain a unique solution to 
these equations if a single source and receiver is used (Hryciw, 1989). Unique solution 
requires two receivers. 
Signal quality throughout the survey was optimised by two processes: 
0 frequency filtering 
" vertical stacking of signals 
Noise having significant energy beyond the frequency range of the signal (in this case the 
shear waves) can be removed by frequency filtering. Fourier analyses carried out on 
typical records obtained from a previous parallel crosshole survey at another London clay 
site using the same equipment, showed that the main frequency components of the shear 
waves received were between 40 and 70 Hz. An example of the frequency spectrum of 
a typical shear wave produced by the Bison hammer is shown in Figure 4.5. This 
information allowed suitable high cut (low pass) and low cut (high pass) filter values to 
be set in order to improve record quality. 
Random noise at frequencies within or close to the principal frequency range of the 
source signal can be reduced using a signal stacking technique. A stacked record is a 
composite record made by combining traces from different records (Sheriff, 1984). A 
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variety of types of stacking are used in the mineral exploration industry, but for the 
purposes of this work vertical stacking is used. Vertical stacking combines traces where 
the source and geophone positions remain the same (Telford et al., 1990). The effect is 
to increase signal strength and attenuate random noise. Each stack progressively enhances 
the signal strength as a result of constructive interference and progressively reduces the 
random noise due to destructive interference taking place. For n stacks the improvement 
of the signal-to-noise ratio should be proportional to \%n; for example signal-to-noise 
improvements should be about 3.2 for 10 stacks and about 5 for 25 stacks. Success of 
this method assumes a reliable and repeatable seismograph triggering system. If this is 
not the case then destructive interference of the time-shifted signal will take place. With 
the triggering system employed in this survey, although the seismograph is not triggered 
at precisely to, it is triggered at the same time every time, hence the vertical stacking 
technique will work. Evidence of repeatable triggering was obtained during a trial 
crosshole survey carried out at a London clay site adjacent to the University of Surrey. 
For a number of test depths single records were repeatedly taken. Software written by 
the author was subsequently used to display and overlay the traces obtained at a specific 
test depth on the computer screen. The first breaks for a particular depth coincided to 
within less than 1 %. In the absence of repeatable triggering, vertical stacking would not 
increase the signal-to-noise ratio. It should be noted that noise that is coherent and/or 
repeatable will not be reduced by vertical stacking, for example traffic noise, noise 
emanating from machinery. 
The source (Bison shear wave hammer) and receivers (Oyo Pick geophones) were initially 
clamped at a depth of 19 metres. The survey commenced at maximum depth where the 
signal-to-noise ratio was likely to be at its most favourable and a "feel" for the 
characteristic events within the signal could be developed. Shear waves were propagated 
through the stratum by "up" and "down" blows of the hammer. Paper records of the time 
- amplitude data captured by the seismograph, sometimes called wiggle traces, were 
inspected prior to storage and rejected if necessary. Records were taken as follows: 
" the seismograph was triggered by an "up" blow of the hammer. Ten such "up" 
blows were stacked for the complete record. 
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" this was repeated using "down" blows of the hammer 
" the above procedures were repeated as the source and receivers were raised at 1 
metre intervals 
" final records were taken at depths of 2.0 metres and 1.5 metres from ground level 
The data recorded by the seismograph during the survey were downloaded onto a 
personal computer for processing. Details of the processing software, written by the 
author, can be found in Appendix B, but features of the software which specifically aided 
the processing of a parallel crosshole survey include: 
(i) data in the time domain can be displayed on the computer screen 
(ii) pairs of traces from "up" and "down" blows of the hammer can be overlaid to 
assist picking the onset of the shear waves by observing the first reversal of the 
wave train 
(iii) a particular section of the displayed trace or traces can be enlarged which enables 
the travel time of the selected first reversal to be read more precisely. Whether 
or not this reflects an accurate travel time depends on the selected first reversal 
coinciding with the shear wave arrival. If this is not the case, for example due to 
near field effects, or noise masking the shear wave arrival, then the "zoom" 
facility simply enables an incorrect time to be read more precisely. A discussion 
of this is presented in Appendix A. 
There is some doubt as to exactly how large the source-receiver spacing should be to 
avoid near field effects. Sheriff (1984) defines the near field as a zone less than one 
wavelength from the source. Sanchez-Salinero et al. (1986) state that for source-receiver 
separations greater than two shear wavelengths the amplitudes of near field waves will 
be negligible, whereas de Alba and Baldwin (1991) quote a separation of at least three 
shear wavelengths is required to avoid near field effects. The source-receiver spacings 
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used in this survey were nominally 7 metre centres (refer to Section 2.6.2), and the range 
of shear wavelengths encountered approximately 2-4 metres. 
Noise levels were minimised by frequency filtering, vertical stacking of signals and 
carrying out the data acquisition during the quietest traffic period, as discussed earlier. 
The "zoom" facility incorporated into the processing software was therefore considered 
to aid data processing in this case. For each depth, for both receivers, records for "up" 
and "down" blows were overlaid on the computer screen and the shear wave arrival times 
picked. An example of "up" and "down" blow seismograph records overlaid is shown in 
Figure 4.6. 
The distances between the boreholes containing the receivers at each test level were 
calculated from a measured value at the ground surface and adjusted using the results of 
the verticality survey. It was found that due to the lateral drift that had occurred during 
the drilling of the boreholes, the borehole separation (for the two boreholes containing 
receivers) at 19 metres below ground level was 6.41 metres compared with 7.15 metres 
at the surface. In the absence of a verticality survey this drift would not have been 
detected, and a borehole separation error of about 10% would have resulted. Values of 
shear wave velocity, Vf hv, for the horizontally transmitted, vertically polarised shear 
waves, were calculated for each test depth according to equation [4.3]: 
it 
_ 
Ax Vs h" 0t 
where: 
At: travel time between receivers 
Ox: distance between receivers 
and At = t2 - tl 
where: 
t1: travel time to first receiver 
t2: travel time to second receiver 
a 
[4.3] 
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The results of the survey are given in Table 4.2 and the shear wave velocity - depth 
profile is shown in Figure 4.7. The shear wave velocities plotted on Figure 4.7 were 
calculated assuming horizontal transmission. An error analysis was carried out for each 
test depth. Potential sources of error when calculating shear wave velocity values include: 
" incorrect measurement of borehole separations 
0 incorrect picking of travel times 
In this survey it was assumed that the borehole separation could be measured to within 
1 cm and shear wave arrival times could be picked to within 1 millisecond. The error 
involved when picking shear wave arrivals does not reflect the accuracy of the 
identification of the exact location of the shear wave arrival, as discussed above. 
However, the use of two receivers reduces the adverse effect of incorrectly identifying 
the shear wave arrival by facilitating identification of the same seismic event on both 
received signals in order that a true time interval can be measured. An example of the 
method used to calculate the possible error involved for each shear wave velocity value 
is given in Appendix E. The percentage errors calculated for the shear wave velocities 
obtained from the parallel crosshole survey are included in Table 4.2, and error bars are 
marked on Figure 4.7. 
The adjustment suggested by Hryciw (1989) to take account of ray path curvature 
requires two receivers and knowledge of to. As to was not known in this survey shear 
wave velocity values could not be corrected for ray path curvature. However, for the rate 
of increase of shear wave velocity with depth experienced at this site, the difference 
between measured shear wave velocity values and adjusted values using the equations 
presented by Hryciw (1989) is likely to be small (less than 1 %). 
4.3.2 Surface wave survey 
The development and general principles underlying the surface wave technique have been 
discussed in Sections 2.6.1,2.6.2 and 3.3.2. The equipment used to carry out the survey 
comprised: 
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"a seismic source (Ling Dynamic Systems vibrator model 406 and power oscillator 
model PO 100) 
" three seismic receivers (Sensor SM-6 model B surface geophones) 
0a seismograph (Bison 9012) 
"a phase trigger (used at low frequencies) 
With the exception of the phase trigger, details of the above equipment have been given 
in Section 3.3.2. Records of 2000 samples with a sample rate of 1 millisecond were taken 
throughout the survey. Optimisation of signal quality was not straight forward in the 
surface wave survey. Frequency filtering was used successfully for source frequencies 
of 100 Hz (maximum frequency used during survey) down to 9 Hz. However due to the 
design of the analogue filtering system that the seismograph incorporated (previously 
referred to in Section 3.3.2), for source frequencies less than 9 Hz, that is those 
frequencies that were required for the deeper penetrations of the ground, progressively 
larger proportions of the original signal are filtered out (refer to Figure 3.10). This is 
unfortunate in itself, and the situation is exacerbated by the fact that at these low 
frequencies the signal quality is at its poorest before any filtering has taken place. Signal 
quality is poor at low frequencies (< 9 Hz) due to, inter alia, having to operate the 
shaker at low power, reduction in geophone performance (refer to Figure 3.9) and 
ambient noise assuming significant proportions. Stacking in the time domain is not 
possible unless the seismograph can be triggered at the same point of the sinusoidal 
waveform generated by the source each time triggering occurs. If the seismograph is not 
triggered at the same point of the sinusoidal waveform generated by the source each time, 
destructive interference is likely to take place when signals are stacked. The problem of 
signal quality at low frequencies was partly solved by the use of a phase trigger. The 
phase trigger, which was designed and fabricated by Wimpey Laboratories Limited, 
allowed the seismograph to be triggered at the same point in the cycle of the vibrator 
each time, thus enabling vertical stacking to take place in the time domain. An example 
of the improvement to signal quality as a result of use of the phase trigger is shown in 
Figure 4.8. 
The survey was carried out using frequencies from 6.5 Hz to 100 Hz. A schematic 
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representation of the equipment set up in the field is shown in Figure 4.9. The shear 
wave velocity - depth profile and hence the maximum shear modulus - depth profile were 
obtained using the method described by Abbiss (1981) and summarised in Section 3.3.2. 
When calculating values of equivalent shear wave velocity, Poisson's ratio was assumed 
to be 0.5, and hence a value of 1.047 was used for C iJones, 1958). When calculating 
the maximum shear modulus, which for London clay will also be the very small strain 
shear modulus, density values obtained from the thin wall tube samples taken from GP3 
were used (refer to Section 4.4). For this survey records of 2000 samples were taken. 
Prior to executing the fast Fourier transform (FFT) the processing software therefore 
"padded" the data with 48 zero amplitude values in order that the number of data points 
was a power of 2 (refer to Section 3.3.2). The results of the survey are given in Table 
4.3, and the shear wave velocity - equivalent depth profile is shown in Figure 4.10. 
Equivalent depths of X12 were assigned to the shear wave velocities. An error analysis 
was carried out for each source frequency on the basis of the possible errors incurred 
estimating Poisson's ratio, measuring the signal frequency, measuring receiver separation 
and measuring phase differences (as described in Section 3.6.2). An example of the 
calculation involved is given in Appendix E. The percentage errors calculated for shear 
wave velocities obtained from the surface wave test are included in Table 4.3, and error 
bars are marked on Figure 4.10. Figure 4.11 compares the shear wave velocity - 
equivalent depth profiles obtained when equivalent depths of X/2 and A/3 are used. 
1i 
4.3.3 Seismic cone shear wave survey 
The seismic cone penetration test, which in this work was carried out by the Building 
Research Establishment (B. R. E. ), was discussed in general terms in Section 2.6.2. The 
equipment used to carry out the survey comprised: 
" single 20 tonne cone penetrometer truck (B. R. E. ) 
" seismic cone (Fugro Ltd. ) containing inter alia two three-component geophone 
clusters 1 metre apart 
"a seismic source 
"a portable computer (including appropriate hardware and software to allow data 
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acquisition and processing on site) 
"a trigger 
The seismic source was a wooden railway sleeper held rigidly in position at the ground 
surface by placing it under the wheels of the 20 tonne truck. When the sleeper was struck 
horizontally by a sledge hammer horizontally polarised shear waves were propagated 
vertically or sub-vertically through the ground. The records taken were processed in the 
same way as those taken in the parallel crosshole survey. "Left" and "right" blows of the 
hammer to the railway sleeper enabled shear wave arrivals to be identified at both 
geophones by overlaying the "left" and "right" traces from records at a given depth, and 
looking for the first reversal of the wave train. Signal quality throughout the survey was 
optimised by frequency filtering and vertical stacking. A schematic representation of the 
equipment set up in the field is shown in Figure 4.12. The survey commenced with the 
upper geophone at a depth of 1.5 metres and the lower geophone at a depth of 2.5 metres 
(average depth of 2.0 metres). Records were taken at 1 metre intervals as the seismic 
cone was pushed into the ground. Final records were taken at depths of 18.5 metres and 
19.5 metres for the upper and lower geophone respectively. For each depth the shear 
wave arrival times were picked for each geophone and the time difference deduced. 
Knowing the horizontal offset of the source from the position of entry into the ground of 
the seismic cone, and the geophone depths, the distance from source to each geophone 
was calculated. The difference between these distances divided by the time difference 
yielded a value called the interval velocity. The results of the survey are given in Table 
4.4 and Figure 4.13. An error analysis was carried out for each test depth. Potential 
sources of error when calculating shear wave velocity values include: 
" incorrect measurement of the horizontal offset 
0 incorrect measurement of geophone depths 
0 incorrect picking of travel times 
In this survey it was assumed that the horizontal offset could be measured to within 1 cm 
and the geophone depths could be measured to within 0.5 cm. It was further assumed that 
the shear wave arrival times could be picked to within 0.5 milliseconds. An example of 
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the method used to calculate the possible error involved for each shear wave velocity 
value is given in Appendix E. The percentage errors calculated for the shear wave 
velocities obtained from the SCPT are included in Table 4.4, and error bars are marked 
on Figure 4.13. A check on the quality of the data was also carried out. Shear wave 
travel times to the lower geophone for an average depth x metres were compared with 
those to the upper geophone at an average depth of (x + 1) metres. These are the travel 
times to the individual geophones when they are at the same depth. The average 
difference between these travel times was 0.8 %. 
4.4 Laboratory testing 
Hydraulically jacked thin wall tube samples were taken during the installation of one of 
the boreholes required for the parallel crosshole survey (Borehole GP3). These samples 
were taken at depths of 1,2,4,6,8,10,12,14,16,18 and 19 metres below ground 
level. Specimens of nominally 200 mm height and 100 mm diameter were prepared from 
these samples. Unconsolidated undrained triaxial tests incorporating local axial strain and 
mid-plane pore water pressure measurement were carried out on each specimen by Surrey 
Geotechnical Consultants Limited (S. G. C. ). Although these tests are, as yet, not 
standardised, they are carried out routinely in many commercial laboratories. Their 
development and implementation has been discussed in Sections 2.3 and 2.4 respectively. 
The main aspects of the tests were: 
(i) Application of a starting cell pressure to the specimen. The magnitude of the 
starting pressure is governed by the overburden acting on the sample in situ. In 
general the final cell pressure acting on the specimen is the in-situ overburden 
pressure, which has been applied in three equal increments, holding each pressure 
constant for about twenty four hours. However the first application of cell 
pressure must be large enough to generate positive pore water pressures within 
the specimen. At shallow depths this may be greater than the overburden pressure. 
At the end of each pressure increment aB value is calculated. B should approach 
1 by the time the target pressure is reached (in practice B should be greater than 
0.97). If the target pressure is reached and B is less than 0.97 then the cell 
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pressure should be further increased in 100 kPa increments until B=0.97. If 
after three increments of cell pressure B is 0.97 or greater but the pore water 
pressure is less than 300 kPa, again the cell pressure should be increased in 100 
kPa increments until the pore water pressure is greater than 300 kPa. 
(ii) When the target or sufficient cell pressure has been applied to the specimen in 
order that B >_ 0.97 and the pore water pressure Z 300 kPa, the specimen is left 
under these conditions overnight, to ensure that the pore water pressure is stable 
for twelve hours prior to commencement of shearing. 
(iii) The mean effective stress in the specimen is measured before beginning the 
shearing stage. 
(iv) The specimen is subjected to strain controlled shearing. A typical machine strain 
rate used in such tests is 0.006 mm/minute for firm to stiff London clay. This is 
equivalent to a specimen strain rate of 5 %/day assuming no bedding, no machine 
compliance and a specific specimen height. 
During the shearing stage the following data were recorded: 
" applied load 
" cell pressure 
" base pore water pressure 
" mid-plane pore water pressure 
" local axial strain 
" external axial strain 
A summary of the results of these laboratory tests is presented in Table 4.5. In the 
context of this work the key values from the laboratory testing were the secant values of 
the undrained Young's modulus at 0.01 % and 0.1 % axial strain, E. 0.01 and E 0.1 
respectively. Values of E 0.01 and E, 0.1 against depth are shown in Figure 4.14. It should 
be noted that the sample taken at 12 metres gave an abnormally high stiffness at 0.01 % 
axial strain. When dilute hydrochloric acid was added to the specimen taken from this 
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sample effervescence occurred indicating the presence of calcium carbonate. This 
suggests that a degree of cementation had taken place leading to an increase in stiffness. 
The driller's daily record indicated the presence of a septarian nodule ("claystone") 
immediately below this level, and examination of the sample tube showed that its lower 
end had been cut off as a result of damage. A further test was carried out using a shorter 
specimen (126 mm) from higher in the same sample. This shorter specimen came from 
immediately above the full length specimen (203 mm) already tested and gave a lower 
value of stiffness, more in keeping with the rest of the results (refer to Figure 4.14). 
4.5 Interpretation of results 
Figure 4.15 shows the shear wave velocity - depth profiles from all three field seismic 
geophysical surveys. Two profiles for the surface wave results are presented using 
equivalent depths of X12 and W. Although the three surveys were carried out at very 
small strain levels, there are certain fundamental differences between them, for example 
direction of polarisation of the seismic waves, direction of travel of the waves through 
the ground and frequency range. Despite these differences, it is evident from Figure 4.15 
that, for this particular site, the velocities of the vertically-polarised, horizontally- 
propagated shear waves of the parallel crosshole survey were almost the same as those 
of the horizontally-polarised, vertically-propagated shear waves of the seismic cone 
penetration test, and both showed good agreement with results from the surface wave 
survey when equivalent depths of X/2 were assigned to the shear wave velocity values. 
Figure 4.16 shows undrained Young's modulus - depth profiles incorporating laboratory 
results at 0.01 % and 0.1 % axial strain and results from the parallel crosshole shear wave 
survey, which were at very small strain (less than 0.001%). Since the results from all 
three field seismic geophysical surveys showed close agreement (assuming equivalent 
depths of X/2 for the surface wave survey), in the interests of clarity, only one of the 
geophysical data sets is shown on Figure 4.16. Values of undrained Young's moduli from 
the parallel crosshole survey were calculated from the values of shear wave velocity via 
the following steps, using equations shown below (previously discussed in Chapter 1): 
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" deduce maximum shear modulus G, from equation [4.4] 
max 
[4.4] 
Values of density, p, obtained from the thin wall tube samples taken from GP3 were used 
(refer to Table 4.5). 
0 calculate maximum undrained Young's modulus E from equation [4.5] 
Eumax=2Gmax(1+v ) [4.5] 
where v is assumed to be 0.5 
At this stage in the interpretation no account has been taken of the change in effective 
stress that occurred as a result of the sampling process. As expected the values of 
undrained Young's modulus calculated from the shear wave velocities measured during 
the parallel crosshole shear wave survey are consistently higher than those determined 
during the unconsolidated undrained triaxial test, that is E,,,. > E. 0.01 >E0.1, with the 
one exception at 12 metres. 
Direct comparisons between the laboratory stiffness values and those obtained from field 
seismic geophysical surveys are only valid if the change in effective stress that occurs 
during the sampling process is taken into account. In the UK it is common practice, in 
recognition of these changes in effective stress, to normalise laboratory measured local 
strain stiffness moduli with respect to the mean effective stress measured at the start of 
the shearing stage of the test. Equivalent in-situ stiffnesses are then calculated from the 
estimated in-situ mean effective stress profile and the normalised laboratory stiffnesses. 
In this case study an in-situ mean effective stress profile can be derived from the self- 
boring pressuremeter test results. Figure 4.17 shows the in-situ mean effective stress - 
depth profile derived from best estimate values of in-situ total horizontal stress values 
from the self-boring pressuremeter tests. Highlighted on the graph are the profiles 
obtained for the two self-boring pressuremeter holes SBP3 and SBP7. These self-boring 
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pressuremeter holes are closest to borehole GP3 from which the thin wall tube samples 
were extracted. Also shown on the graph is the laboratory measured mean effective stress 
- depth profile, and a linear regression of all the self-boring pressuremeter results. It was 
found that the initial mean effective stress in the laboratory specimens was consistently 
lower than the in-situ values derived from the self-boring pressuremeter tests, even for 
those self-boring pressuremeter tests carried out closest to GP3. This is in contrast with 
the accepted view that tube sampling of the London clay leads to increases in mean 
effective stress (Hight, 1986, Chandler et al., 1992a). 
Figure 4.18 shows undrained Young's modulus - depth profiles of the corrected and 
uncorrected stiffnesses at 0.01 % strain, together with that of the parallel crosshole shear 
wave survey. Corrected stiffnesses were calculated by initially normalising the laboratory 
measured stiffness values, E. (Ito')' with respect to the mean effective stress measured 
at the start of the shearing stage of test p'0, as described above. The normalised stiffness 
values were then multiplied by estimated values of in-situ mean effective stress, p';,, 5;.  
in this case taken from the linear regression profile shown in Figure 4.17. The laboratory 
measured stiffnesses were thus corrected for the change in effective stress that occurred 
as a result of the sampling process using equation [4.61: 
E 
Eu 
(laboratory) 
[r41 u (co rected) -, P rn-sttu .6 Po 
where: 
p';,, -51m: estimated in-situ mean effective stress derived from self-boring pressuremeter 
tests using linear regression profile shown on Figure 4.17 
p'0: laboratory mean effective stress measured at the start of shearing 
For more than 50% of the laboratory results, corrected stiffness values at 0.01 % strain 
are equal to or greater than E.. 
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4.6 Field example of a stiff layer of ground overlying a less stiff layer 
A further aspect of the authors work involved the installation of a test site for field 
seismic geophysical surveys, incorporating three cased boreholes suitable for crosshole 
tests. The site was located on land close to and owned by the University of Surrey. The 
precise location was selected after consideration had been given to, inter alia: 
" services search 
" vehicular accessibility 
0 vehicles required for installation, for example drilling rig, land rover 
0 vehicles required for subsequent testing, for example land rover, cone 
penetration truck 
" accessibility of water 
0 likely length of time that the site would remain undeveloped and therefore 
available for research purposes 
" amount and cost of any reinstatement necessary both after installation and 
subsequent testing 
The installation of the three boreholes was carried out by the Building Research 
Establishment. Information regarding the installation procedure can be found in Appendix 
H and Section 4.3.1. As with the London clay site already discussed in this chapter, 
hydraulically jacked thin-wall tube samples were taken during the installation of one of 
the boreholes required for geophysical surveys. A suite of parallel crosshole and 
continuous surface wave surveys were then carried out. These tests not only provided 
data for the University of Surrey site (UoS site), but also enabled rigorous equipment and 
technique checks to be carried out prior to commencing field work in North London. 
These checks were considered to be an essential precursor to the work in North London 
due to the nature of the site (noisy) and the restrictions that were thus imposed on the 
timing of the surveys (refer to Section 4.3). 
Examination of the samples taken from one of the boreholes revealed the near surface 
material to be a dense silty sand with medium fine flint gravel to a depth of about 1.5 
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metres. Below this the London clay was encountered and extended to the base of the 
borehole at 20 metres, changing from firm to stiff at about 3 metres, and to very stiff at 
about 4 metres. A claystone layer was present at about 7.5 metres. Sand lenses were 
found within the London clay from 1.5 metres down to 15.5 metres, and fissures were 
present intermittently from 1.5 metres down to the base of the borehole at 20 metres. The 
shear wave velocity - equivalent depth profile obtained from a surface wave survey 
carried out at the UoS site is shown in Figure 4.19. The profile shows a stiff surface 
layer overlying an initially less stiff layer, with the change in stiffness occurring at about 
1.5 metres below the ground surface. The stiffness of the lower layer increases 
approximately linearly with depth. Figure 4.20 shows a comparison of the shear wave 
velocity - equivalent depth profiles from surface wave surveys carried out at the 
University of Surrey site and the North London site. 
4.7 Summary 
This chapter has presented a case study closely linked to a commercial ground 
investigation which was required to produce accurate stiffness values over the strain range 
of 0.01% to 0.1%. These values were to be used in finite element analyses for 
geotechnical design of retaining walls and ground movement predictions for existing 
structures. The original site investigation failed to provide satisfactory stiffnesses and so 
the designers commissioned: 
0a parallel crosshole shear wave survey to be carried out in the critical area of the 
site, that is the area closest to existing structures likely to be affected by any 
future construction 
high quality samples to be taken from the same area on which to perform further 
unconsolidated undrained triaxial tests with local axial strain and mid-plane pore 
water pressure measurement 
In addition to the parallel crosshole survey a seismic cone penetration test and a surface 
wave survey were also carried at out at the same site. The results of all three field 
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seismic geophysical surveys showed good agreement, the implications of which are 
discussed in Chapter 5. 
When comparing the stiffness values obtained from the field seismic geophysical surveys, 
Ems, with those obtained from the small strain laboratory testing at 0.01% and 0.1% 
strain, E. 0.01 and E. o., respectively, it was found that: 
E, = >E0.01 > E, 0.1 where 
E, . / E 0.01 =2 and E. / E 0.1 =5 
This gives an average value for the index of linearity, L, of 0.4, where L is given by: 
L=Eu0.1 [4.7] 
E. 0.01 
However, when attempts were made to take account of the change in effective stress that 
apparently occurred during the sampling process, corrected stiffnesses at 0.01 % strain 
were equal to or greater than E. 
Comparison of stiffness values obtained from the self-boring pressuremeter tests with 
those obtained from the field seismic geophysical surveys indicated that the self-boring 
pressuremeter stiffnesses exhibited a wide scatter and were unusually high, especially 
when the strain levels at which they were carried out and the non-linear stress-strain 
behaviour of London clay are taken into account (refer to Figure 4.21). Similarly values 
of in-situ mean effective stress, calculated from in-situ total horizontal stress measured 
during the self-boring pressuremeter tests, were unexpectedly high. It is these high values 
of in-situ mean effective stress that were responsible for impossibly high values of 
corrected stiffnesses at 0.01 % strain. Possible explanations of these observations and 
their design implications are discussed in Chapter 5. 
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Site work 
" 27 No. boreholes sunk by light cable percussive methods 
" 23 No. thin wall tube samples taken from three of the twenty seven 
boreholes 
"6 No. machine excavated trial pits 
"8 No. boreholes for pressuremeter testing (Cambridge SBPM) 
"8 No. rotary cored boreholes in existing carriageway 
" 15 No. Casagrande type piezometers installed 
Field tests 
Measurement of c in trial pits using hand vane 
" SPT in granular material and London clay 
" 72 No. pressuremeter tests carried out in eight boreholes 
Laboratory tests 
" 113 No. undrained triaxial compression tests' 
" 261 No. liquid and plastic limit tests 
" 19 No. particle size distributions on samples of material 
"5 No. chemical analyses of samples of groundwater 
" 89 No. chemical analyses of samples of soil 
" 30 No. one dimensional consolidation tests' 
" 15 No. compaction tests 
" 12 No. California bearing ratio tests on recompacted samples 
"5 No. California bearing ratio tests on undisturbed samples' 
"5 No. moisture condition value tests 
" 13 No. consolidated undrained triaxial tests with pore water pressure 
measurement carried out on 100mm specimens from thin wall tube 
samples 
"8 No. triaxial suction tests on 100mm specimens from thin wall tube 
samples 
"2 No. unconsolidated undrained triaxial tests with mid-plane pore water 
pressure and local strain measurement on 100mm specimens from thin 
wall tube samples 
" 11 No. filter paper suction tests' 
These tests were carried out on "undisturbed" U 100 samples 
Table 4.1 Summary of site investigation carried out in 1992 
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Depth 
(m) 
Travel 
time to 
near 
receiver 
(ms) 
Travel 
time to 
far 
receiver 
(ms) 
Time 
interval 
(ms) 
Receiver 
separation 
(corrected) 
(m 
Shear 
wave 
velocity 
m/s) 
Maximum 
shear 
modulus 
m/s) 
% error of 
shear wave 
velocity 
(% 
1.0 7.15 
1.5 45.0 103.0 58.0 7.15 123.3 30.4 3.3 
2.0 49.0 104.0 55.0 7.15 130.0 33.8 3.1 
3.0 48.0 104.0 56.0 7.12 127.2 32.4 3.2 
4.0 47.0 102.0 55.0 7.09 128.9 33.2 3.2 
5.0 49.0 99.0 50.0 7.03 140.6 39.5 3.2 
6.0 45.0 99.0 54.0 6.98 129.2 33.4 3.4 
7.0 44.0 90.0 46.0 6.93 150.7 45.4 3.5 
8.0 43.0 87.0 44.0 6.89 156.6 49.1 3.6 
9.0 42.0 85.0 43.0 6.86 159.6 50.9 3.7 
10.0 41.0 82.0 41.0 6.81 166.1 55.2 3.8 
11.0 39.0 77.0 38.0 6.76 177.8 63.2 4.0 
12.0 38.0 76.0 38.0 6.72 176.9 62.6 4.1 
13.0 35.0 72.5 37.5 6.67 177.9 63.3 4.4 
14.0 36.0 72.0 36.0 6.64 184.3 67.9 4.3 
15.0 35.0 70.0 35.0 6.58 188.1 70.8 4.4 
16.0 34.5 67.0 32.5 6.54 201.1 80.9 4.5 
17.0 32.0 64.0 32.0 6.50 203.2 82.6 4.8 
18.0 33.5 65.0 31.5 6.45 204.8 83.9 4.7 
19.0 30.0 61.0 31.0 6.41 206.9 85.6 5.1 
Table 4.2 Parallel crosshole shear wave survey data (values of density 
required to calculate shear modulus have been interpolated from 
those tabulated in Table 4.5) 
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Frequency 
(Hz) 
Wavelength 
(m) 
Surface 
wave 
velocity 
(m/s) 
Shear 
wave 
velocity 
(m/s) 
Maximum 
shear 
modulus 
(MPa) 
Equivalent 
depth 
(X/2) 
(m) 
% error of 
shear wave 
velocity 
100 0.51 51.0 55.5 6.2 0.26 2.6 
50 0.95 47.5 51.7 5.3 0.48 3.0 
30 3.13 93.9 102.2 20.9 1.57 4.5 
29 3.28 95.1 103.5 21.4 1.64 4.6 
28 3.52 98.6 107.2 23.0 1.76 4.8 
27 3.74 101.0 109.9 24.1 1.87 4.9 
26 4.06 105.6 114.8 26.4 2.03 5.1 
25 4.28 107.0 116.4 27.1 2.14 5.3 
24 4.47 107.3 116.7 27.2 2.24 5.4 
23 4.74 109.0 118.6 28.1 2.37 5.6 
22 4.95 108.9 118.5 28.1 2.48 5.8 
21 5.5 115.5 125.7 31.6 2.75 6.1 
20 5.71 114.2 124.2 30.9 2.86 6.3 
19.5 5.7 111.2 120.9 29.2 2.85 6.3 
19 5.95 113.1 123.0 30.3 2.98 6.5 
18.5 5.98 110.6 120.4 29.0 2.99 6.5 
18 6.11 110.0 119.7 28.6 3.06 6.6 
17.5 6.62 115.9 126.0 31.8 3.31 6.9 
17 6.91 117.5 127.8 32.7 3.46 7.1 
16.5 7.12 117.5 127.8 32.7 3.56 7.3 
16 7.43 118.9 129.3 33.5 3.72 7.5 
15.7 7.48 117.4 127.8 32.7 3.74 7.5 
15.5 7.88 122.1 132.9 35.3 3.94 7.8 
15.2 8.01 121.8 132.5 35.1 4.01 7.9 
15 7.67 115.1 125.2 31.3 3.84 7.7 
14.7 8.54 125.5 136.6 37.3 4.27 8.2 
14.5 7.89 114.4 124.5 31.0 3.95 7.9 
14.2 8.31 118.0 128.4 33.0 4.16 8.1 
14 8.7 121.8 132.5 35.1 4.35 8.4 
13.7 9.26 126.9 138.0 38.1 4.63 8.7 
13.5 8.67 117.0 127.3 32.4 4.34 8.4 
13.2 10.18 134.4 146.2 42.7 5.09 9.3 
Table 4.3 Surface wave data (values of density required to calculate shear 
modulus have been interpolated from those tabulated in Table 4.5) 
continued..... 
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Frequency 
(Hz) 
Wavelength 
(m) 
Surface 
wave 
velocity 
(m/s) 
Shear 
wave 
velocity 
(m/s) 
Maximum 
shear 
modulus 
(MPa) 
Equivalent 
depth 
(X/2) 
(m) 
% error of 
shear wave 
velocity 
13 9.15 119.0 129.4 33.5 4.58 8.7 
12.7 9.05 114.9 125.0 31.3 4.53 8.7 
12.5 9.23 115.4 125.5 31.5 4.62 8.8 
12.2 9.76 119.1 129.6 33.6 4.88 9.2 
12 9.81 117.7 128.1 32.8 4.91 9.2 
11.7 11.9 139.2 151.5 45.9 5.95 10.4 
11.5 12.42 142.8 155.4 48.3 6.21 10.7 
11.2 13.4 150.1 163.3 53.3 6.70 11.3 
11 11.6 127.6 138.8 38.5 5.80 10.4 
10.7 12 128.4 139.7 39.0 6.00 10.6 
10.5 12.78 134.2 146.0 42.6 6.39 11.1 
10.2 15.16 154.6 168.2 56.6 7.58 12.5 
10 13.41 134.1 145.9 42.6 6.71 11.5 
9.7 16.98 164.7 179.2 64.2 8.49 13.6 
9.5 16.21 154.0 167.5 56.1 8.11 13.2 
9.2 16.18 148.9 162.0 52.5 8.09 13.3 
9 15.73 141.6 154.0 47.4 7.87 13.1 
8.7 17.16 149.3 162.4 52.8 8.58 13.9 
8.5 17.9 152.2 165.5 54.8 8.95 14.4 
8.2 18.43 151.1 164.4 54.1 9.22 14.8 
8 19.79 158.3 172.3 59.3 9.90 15.6 
7.7 21.64 166.6 181.3 65.7 10.82 16.7 
7.5 24.25 181.9 197.9 78.3 12.13 18.2 
7.2 24.89 179.2 195.0 76.0 12.45 18.7 
7 26.72 187.0 203.5 82.8 13.36 19.8 
6.7 27.92 187.1 203.5 82.8 13.96 20.6 
6.5 31.37 203.9 221.8 98.4 15.69 22.6 
Table 4.3 Surface wave data (values of density required to calculate shear 
modulus have been interpolated from those tabulated in Table 4.5) 
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Average 
depth 
(m) 
Bulk 
density 
(Mg/m3) 
Mean effective 
stress prior to 
shearing 
(kPa) 
Undrained secant 
elastic modulus at 
0.01 % strain 
(MPa) 
Undrained secant 
elastic modulus at 
0.1 % strain 
(MPa) 
Undrained 
shear 
strength 
(kPa) 
1.3 1.99 59 41 17 30 
2.3 1.93 83 45 21 48 
4.3 1.95 61 54 22 39 
6.3 1.99 81 81 32 54 
8.3 2.01 60 83 32 52 
10.3 2.01 105 102 32 64 
12.0 2.00 140 142 49 69 
12.2 2.00 108 188 47 57 
14.3 1.99 79 77 34 52 
16.3 2.01 160 116 48 83 
18.3 2.02 208 120 56 94 
19.3 2.04 131 183 49 83 
Table 4.5 Summary of unconsolidated undrained triaxial tests carried out on 
specimens from samples taken from borehole GP3 
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Figure 4.1 Plan of borehole configuration 
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Figure 4.2 Undrained Young's modulus against depth from self-boring 
pressuremeter and original unconsolidated undrained 
triaxial tests 
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Figure 4.3 200 Hz signal aliasing at 50 Hz when sampled at 250 Hz 
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Figure 4.4 Schematic representation of field equipment set up for parallel 
crosshole shear wave survey 
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blows of the Bison hammer overlaid 
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Figure 4.8 Use of phase trigger to improve signal quality at low 
frequencies 
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Figure 4.12 Schematic representation of field set up for seismic cone shear 
wave survey 
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Figure 4.13 Depth versus shear wave velocity for seismic cone shear wave survey 
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Figure 4.18 Undrained Young's modulus - depth profiles from unconsolidated 
undrained triaxial tests and parallel crosshole shear wave survey. The 
two profiles from the unconsolidated undrained triaxial tests show 
results uncorrected and corrected for the changes in mean effective 
stress that have occurred as a result of the sampling process. 
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Figure 4.19 Shear wave velocity - equivalent depth profile from surface wave 
survey carried out at the University of Surrey site 
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CHAPTER 5 DISCUSSION 
5.1 Introduction 
The aim of this work, as stated in Chapter 1, has been to investigate the use of seismic 
waves to provide ground stiffness values that can be used in geotechnical calculations, 
and to evaluate, in engineering terms, the applicability of a number of field seismic 
geophysical survey techniques to the site investigation industry. 
A review of the literature enabled current thinking on ground stiffness and its importance 
in geotechnical engineering to be summarised as follows: 
" static and dynamic stiffnesses are not different material properties and are now 
more often referred to as small and very small strain stiffnesses respectively 
" finite element analyses have shown that the vast majority of operational strains are 
small, often less than 0.1 %, and lie in the range 20 - 70% of G,., depending on 
the strain level. Reliable measurement of stiffnesses at small strains is therefore 
essential for accurate ground movement prediction. 
" seismic shear wave surveys measure ground stiffness at the in-situ stress level but 
at too small a strain level; however the margin by which operational stiffnesses 
are overestimated in seismic geophysical surveys is often relatively small. 
Historically, for a variety of reasons (refer to Section 2.7), field seismic geophysical 
surveys have enjoyed neither a good reputation nor frequent use in the civil engineering 
industry. However, in the light of the above, it is concluded that field seismic geophysical 
surveys are potentially useful to the geotechnical engineer. It is this conclusion that 
provided the starting point for the author's work, which proceeded in two main 
directions: 
0 the construction of a pilot-scale layered model to investigate the ability of the 
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continuous surface wave technique to detect layers of differing moduli, the 
continuous surface wave technique being the most under utilised of all the field 
seismic geophysical surveys in the UK 
" the study of the interrelation of stiffness results from three field seismic 
geophysical techniques, including the surface wave technique. These results were 
subsequently compared with those obtained from small strain laboratory and 
alternative in-situ field testing. 
5.2 Detection of layered strata using the continuous surface wave technique 
The surface wave technique remains the most under-utilised field seismic geophysical 
technique in the UK, despite its non-intrusive nature, speed of execution and low cost 
(Addo and Robertson, 1992; Clayton et al., 1995b; Butcher and Powell, 1996). However, 
doubts have always existed as to its ability to detect layered strata and the limitations of 
the traditional, empirical way of assigning depths as a fraction of the wavelength, 
typically 1/2 or 1/3, to particular values of shear wave velocity have long been 
recognised (Heukelom and Foster, 1962; Ballard and McLean, 1975; Abbiss, 1981; 
Gazetas, 1982). In the early days a lack of computing power meant that only the simplest 
case of a single surface layer of a semi-infinite medium could be solved analytically 
(Jones, 1958). Although approximations suggested by Stoneley (1954) for the two layer 
case have been used in the course of theoretical developments (Jones, 1962), for practical 
purposes, inversion of the dispersion curve to give unique solutions for elastic properties 
and layer thicknesses was only possible for single layers or multiple layers when some 
of the parameters, for example layer thicknesses were known (Jones et al., 1967). 
Increased computing power has enabled analytical techniques to deal with multi-layered 
systems. An early example of this was Stokoe and Nazarian's (1985) use of the Haskell - 
Thomson matrix formulation (Haskell, 1950; Thomson, 1953) in an interactive computer 
program. More recently Addo and Robertson (1992) have used the fast form of Knopoff s 
algorithm (Knopoff, 1964; Schwab and Knopoff, 1970). In each case the procedure is an 
iterative one whereby an initial shear wave velocity profile is assumed. The theoretical 
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dispersion curve is calculated and compared with the observed dispersion curve. The 
assumed profile is adjusted until the experimental and theoretical dispersion curves match. 
A number of analytical studies have been carried out on layered systems, for example 
Sanchez - Salinero et al. (1987), Gucunski and Woods (1991a, 1991b), Gucunski and 
Woods (1992) together with field studies, for example that of Nazarian et al. (1988). 
Most of these studies have concentrated on either analytical or field work. The majority 
of them have considered only the spectral analysis of surface waves using an impulse 
source. 
The aim of the design and construction of the layered model and the subsequent testing 
programme was to investigate the ability of the continuous surface wave technique to 
detect layered strata, and to consider the limitations of the traditional empirical inversion 
processes. The work further considered how the inversion process, which is fundamental 
to the success of the surface wave method, could be improved by using a forward 
modelling strategy. 
Results of the laboratory testing carried out at the preliminary design stage of the model 
were presented in Chapter 3. These results were further evidence of aspects of stress - 
strain behaviour of soil that are now well established (refer to Figures 3.2 and 3.4), and 
can be summarised as: 
0a high degree of non-linearity over the small strain range (0.001 %<E<1 %) 
in the case of sand 
" high initial stiffness 
" approximately linear stress - strain behaviour up to about 0.025 % strain followed 
by non-linear behaviour in the case of a sand/cement mixture 
" artificially cemented sand/cement mixture exhibiting approximately linear stress - 
strain behaviour up to higher strain levels than uncemented sand (refer to Section 
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3.2) 
Results of the forward modelling carried out to aid the design of the layered model were 
also presented in Chapter 3. The analyses considered a series of layered configurations 
and investigated the frequencies required to penetrate the different layers. The results 
provided valuable theoretical information as to the circumstances required for successful 
layer detection using the surface wave technique as well as revealing a number of 
theoretical limitations of the technique. The specific findings have been summarised in 
Table 3.5 and are generalised below. 
Stiff layer overlying infinitely deep less stiff layer 
In the case of a stiff layer overlying an infinitely deep less stiff layer (Figure 5.1), shear 
wave velocities of both layers were fully recovered. There was no gap in the shear wave 
velocity data as the frequency reduced, penetrating progressively larger depths, eventually 
passing from the stiff upper layer into the less stiff lower layer (Figure 5. lb). However, 
there existed a range of frequencies which was unable to image the layer interface. This 
range of frequencies will be referred to subsequently as a redundant band of frequencies. 
In Figure 5. lb, which shows the results from series 4 of the finite element analyses 
presented in Section 3.3.4, the redundant band of frequencies was 500-150 Hz. 
Frequency values at the upper and lower limit of this redundant band yielded the final 
data point in the upper stiff layer and the first data point of the less stiff lower layer 
respectively. The magnitude and range of the frequency values within the redundant band 
depend on the stiffness ratio, which will in turn depend on the velocity contrast, between 
the upper and lower layers, together with the thickness of the upper layer. Estimates of 
the upper frequency limit, f, ppe the lower frequency limit, f and therefore the range 
of frequencies, 1f unable to image the layer interface, can be calculated from equations 
[5.1], [5.2] and [5.3] respectively: 
f= 
VS 
1 Cl [5.1] 
upýr nx 
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VS z C2 
nx 
[5.2] 
0f_ 
Vs Cl - VS 2 Cz [5.3] 
nx 
where: 
Vs l: shear wave velocity of the high stiffness, upper layer 
Vs 2: shear wave velocity of the less stiff, lower layer 
C,: factor depending on Poisson's ratio for the high stiffness, upper layer (refer to 
equation [1.14]) 
C2: factor depending on Poisson's ratio for the less stiff, lower layer (refer to 
equation [1.14]) 
x: thickness of the high stiffness, upper layer 
n: a constant 
The full derivation of equations [5.1], [5.2] and [5.3] is given in Appendix I. Throughout 
the derivation shear wave velocities were assigned equivalent depths of XIn. If the 
numerical values used in series 4 of the finite element analyses are substituted into 
equations [5.1], [5.2] and [5.3] and n is assumed to be 2, values of 438 Hz, 152 Hz and 
286 Hz are obtained for f, ýper, 
fiower and Af respectively. As the frequency value reduced 
a redundant band of frequencies, that is frequencies unable to image the layer interface, 
existed between 438 and 152 Hz. It can be seen from the results of the finite element 
analysis shown in Figure 5.1b that the lowest frequency imaging the stiff upper layer, 
500 Hz, is greater than the predicted value of f, per, 438 Hz. Similarly the highest 
frequency imaging the less stiff lower layer, 150 Hz, is less than the predicted value of 
flower, 152 Hz. Frequencies in the redundant band predicted by equations [5.1], [5.2] and 
[5.3] (438 - 152 Hz) were within the redundant band found from the results of the finite 
element analysis (500 - 150 Hz). Equations [5.1], [5.2] and [5.3] successfully predicted 
the range of frequencies unable to image the layer interface in series 4 of the finite 
element analysis. Successful prediction of a redundant band of frequencies prior to 
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conducting a surface wave survey may save time during the survey in the field. 
Low stiffness layer overlying infinitely deep stiffer layer 
In the case of a low stiffness layer overlying an infinitely deep stiffer layer, shear wave 
velocities for the low stiffness, upper layer were fully recovered (Figure 5.2). Data were 
unobtainable near the top of the underlying stiffer layer for a depth dl below the material 
interface (refer to Figure 5.2b). Below dl conventional empirical interpretation of depth, 
where equivalent depths are assigned values equal to X/2, led to an underestimate of 
shear-wave velocity, and hence stiffness. Shear-wave velocity values then gradually 
increased over a further depth d2 (refer to Figure 5.2b) until the correct value was 
obtained. The value of the frequency required to penetrate to the base of the low 
stiffness, upper layer will depend on, inter alia, the stiffness and depth of the layer. This 
same frequency would, however, penetrate a larger depth of the stiffer material. 
Inevitably, as the frequency is reduced, penetrating progressively larger depths and 
eventually passing out of the low stiffness upper layer, the onset of the stiffer lower layer 
will go undetected. The actual depth that will go undetected, together with the magnitude 
of the depth where the shear wave velocity is underestimated, depends on the stiffness 
ratio, which will in turn depend on the velocity contrast, between the upper and lower 
layers. An estimate of the combined depth, d (refer to Figure 5.2b), to which stiffness 
values are unobtainable and underestimated can be calculated from equation [5.4] : 
d= 
[(C2_p1' 
2 C2 
-1x 
[5.4] 
GI p2 Cl 
which can be further simplified to: 
d_ 
V: 2 C2 
_1 x [5.5] Vi Ci 
where: 
G1: maximum shear modulus of the low stiffness, upper layer 
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G2: maximum shear modulus of the stiffer, lower layer 
p1: density of the low stiffness, upper layer 
p2: density of the stiffer, lower layer 
Cl: factor depending on Poisson's ratio for the low stiffness, upper layer (refer to 
equation [1.14]) 
C2: factor depending on Poisson's ratio for the stiffer, lower layer (refer to equation 
[1.14]) 
x: thickness of the low stiffness, upper layer 
Vs 1: shear wave velocity of the low stiffness, upper layer 
V$ 2: shear wave velocity of the stiffer, lower layer 
The full derivation of equations [5.4] and [5.5] is given in Appendix J. 
If the numerical values used in series 8 of the finite element analyses are substituted into 
equation [5.5] a value of 94 mm is obtained for d. That is, the thickness of the zone for 
which shear wave velocity values, and hence stiffness values, are unobtainable and/or 
underestimated is 94 mm. However in series 8 of the finite element analyses, data were 
unobtainable for the first 55 mm of the stiffer lower layer (dl on Figure 5.2b) and the 
stiffness was underestimated for a further 120 mm (d2 on Figure 5.2b). The predicted 
value of d, based on equation [5.5], is thus approximately in the middle of the combined 
thickness of 175 mm, where stiffness values are unobtainable and underestimated in series 
8 (Figure 5.2b). 
These findings can be extended to consider further cases of interest to geotechnical 
engineers, that is the case of a low stiffness layer sandwiched between two higher 
stiffness layers and vice versa. 
Low stiffness layer sandwiched between two higher stiffness layers 
Both the top stiff layer and underlying less stiff middle layer can be detected, as 
described above. The onset of the lower stiff layer will not be detected. The precise 
extent of the lower stiff layer that will go undetected, as well as the extent of the region 
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of underestimated stiffnesses, will depend on the stiffness ratio, G3/G2, between the lower 
stiff layer, G3, and the less stiff middle layer, G2 (Figure 5.3). The important result from 
the geotechnical engineering viewpoint is that, according to the finite element analyses 
carried out in this work, the surface wave technique is theoretically capable of identifying 
a "soft" layer sandwiched between two stiff layers, although some of the lower stiff layer 
will go undetected. 
High stiffness layer sandwiched between two lower stiffness layers 
Both the upper and lower low stiffness layers can be detected, but part or all of the 
middle high stiffness layer will go undetected (Figure 5.4). If the depth of the middle 
high stiffness layer, h (refer to Figure 5.4), is equal to or less than that given for d in 
equation [5.5], it is likely that most or all of the layer will go undetected, and any 
stiffness values obtained using the conventional empirical interpretation of an equivalent 
depth of X/2 will be underestimates of the true value. 
Surface wave testing was carried out at each stage during model construction, that is for 
a single layer, two layer and three layer system. A measure of the reliability of the values 
of shear wave velocity found from the continuous surface wave tests was obtained by 
carrying out an error analysis for each shear wave velocity value (refer to Section 3.6.2 
and Appendix E). The range of percentage errors was 1.3 - 2.0 %, 1.8 - 6.1 % and 1.8 
-5.9% for the single layer, two layer and three layer tests respectively (refer to Appendix 
F). One reason for potentially larger errors in the case of the two and three layer system 
is that the receiver spacing for these tests was smaller than that used in the test carried 
out on the single layer of sand/cement. However a more significant factor is that which 
is responsible for the increase in percentage error that occurs with depth. This is 
observed in the results presented for tests carried out at each stage of the model 
construction (refer to Figures 3.31,3.33,3.34 and Appendix F), but is most easily seen 
in Figures 3.33 and 3.34. For successively deeper penetration, waves of decreasing 
frequency and increasing wavelength are required. This leads to smaller phase 
differences, and hence larger potential errors. This aspect of continuous surface wave 
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testing is discussed further in Section 5.3, in the context of the case study described in 
Chapter 4 and the wider issues surrounding the role of continuous surface wave testing 
to provide geotechnical stiffness parameters respectively. 
The shear wave velocity - equivalent depth profiles of all three surveys are summarised 
in Figure 5.5, where the equivalent depth is given by the empirical interpretation of X/2. 
Figure 5.5 also shows the material interfaces for the case of the two and three layer 
system. An indication of the repeatability of the continuous surface wave technique can 
be obtained by considering selected shear wave velocity data from all three surveys. 
Average shear wave velocity values are calculated for the base layer of sand/cement at 
depths below those necessary for full development of the shear wave velocity in the two 
and three layer case (below about 0.3 metres - refer to Figure 5.5). These average values 
are 679 m/s (standard deviation 32 m/s), 698 m/s (standard deviation 31 m/s) and 690 
m/s (standard deviation 27 m/s) for the single layer, two layer and three layer system 
respectively, and agree to within 3%. It can also be seen from Figure 5.5 that there is 
good agreement between data from all three tests at depths greater than 0.3 metres. 
Shear wave velocity values, and hence maximum shear modulus values, for the sand in 
the three layer system exceeded those found for the sand in the two layer system (refer 
to Figure 5.5). One possible explanation for this is an increase of mean effective stress 
throughout the sand when it was overlain by a layer of sand/cement. The predicted 
maximum shear modulus of the sand layer when overlain by the sand/cement layer is 
shown in Table F. 7, together with the average measured value: the predicted maximum 
shear modulus was 129.7 MPa, the average measured value was 118.6 MPa. Another 
possible explanation is that the shear wave velocity values for the sand in the three layer 
system exceeded those found for the sand in the two layer system due to the shear wave 
velocity measured by the surface wave survey being influenced by the properties of the 
material throughout the depth that the waves have penetrated. This behaviour is also 
considered in the context of the case study carried out in the London clay (refer to 
Section 5.3). For the physical layered model, it appears from Figure 5.5 that the presence 
of the high modulus upper layer (sand/cement) in the three layer system has influenced 
the modulus measured for the lower modulus (sand), middle layer. Similarly the shear 
wave velocity measured for the high modulus base layer of sand/cement has been 
influenced by the properties of overlying materials. Initial shear wave velocities measured 
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for the base layer of sand/cement are reduced when it is overlain by low modulus sand. 
These then increase slightly when the low modulus sand is overlain by higher modulus 
sand/cement (refer to Figure 5.5). 
J 
The maximum shear modulus - equivalent depth profile for the three layer system is 
shown in Figure 5.6, and again the equivalent depth is given by the empirical 
interpretation of X/2. Data presented on Figure 5.6 have been restricted to those from the 
survey carried out on the three layer system for clarity. Both Figures 5.5 and 5.6 identify 
the three distinct layers of the model. Inspection of Figure 5.5 reveals the following: 
(i) Data were unobtainable in the top few centimetres of the surface layer, 
irrespective of what the surface material was (refer to Figures 3.31,3.33,3.34 
and 5.5). Data points closest to the surface were found 31 mm, 15 mm and 26 
mm below the surface for the sand/cement of the base layer, sand of the two layer 
and sand/cement of the three layer systems respectively. The limiting factor for 
near surface penetration was the upper limit of the useful frequency range of the 
vibrator (refer to Section 3.3.2) which was 9000 Hz. 
(ii) Shear wave velocity data for the top layer was fairly constant with depth, 
irrespective of the type of surface material (refer to Figures 3.31,3.33,3.34 and 
5.5). The materials therefore exhibited negligible heterogeneity. 
(iii) In the two-layer and three-layer system, where a high modulus layer 
(sand/cement) is overlain by a lower modulus layer (sand), data were unobtainable 
near the surface of the high modulus layer (refer to Figures 3.33,3.34 and 5.5). 
Data were unobtainable within 41 mm of surface of high modulus layer for the 
two layer system, and 30 mm of surface of the base layer of high modulus 
material for the three layer system. 
(iv) For the two-layer and three-layer systems referred to in (iii), at depths below the 
surface of the high modulus layer of 41 mm and 30 mm respectively, data initially 
underestimated the shear wave velocity. The shear wave velocity value then 
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gradually increased with depth until it reached the more or less constant value 
which had been measured when the surface wave survey was carried out on the 
high modulus base layer alone (refer to Figure 5.5). If the numerical values of 
shear wave velocities from the surface wave testing are substituted into equation 
[5.5] values of 142 mm and 134 mm are obtained for d in the case of the two 
layer and three layer system respectively. The relevant values have been marked 
on Figures 3.33 and 3.34, which present graphs of equivalent depth against shear 
wave velocity for the two and three layer stages of the layered model respectively. 
In both cases the value of d calculated from equation [5.5] is found at the depth 
where the shear wave velocity found from the continuous surface wave test 
reaches a more or less constant value. Equation [5.5] has thus successfully 
estimated the combined thickness of the zone within which stiffness values are 
unobtainable and/or underestimated. 
(v) In the three-layer system, where a low modulus layer (sand) was overlain by a 
higher modulus layer (sand/cement) shear wave velocity data were obtainable to 
the bottom of the higher modulus layer, and from the top of the low modulus 
layer without a break (refer to Figures 3.34 and 5.5). 
(vi) There was a redundant band of frequencies at the interface of the high modulus 
material overlying the low modulus material, that is a range of frequencies unable 
to image the layer interface (refer to final line of data in Table F. 5b and first line 
of data in Table F. 5c). 
(vii) The presence of a low modulus layer (sand) sandwiched between two higher 
modulus layers (sand/cement) was clearly identified by the surface wave technique 
(refer to Figure 5.6). 
(viii) The full extent of the thickness of the low modulus layer in (vii) was not detected 
directly by the surface wave technique. In addition data near the top of the lower 
high stiffness layer were unobtainable (refer to Figure 5.6). The position of the 
material interface is therefore unknown. The position of the interface, and hence 
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the full extent of the low modulus sand layer can be estimated using the value 
obtained for d from equation [5.5] in conjunction with a shear wave velocity - 
equivalent depth profile (refer to Figure 5.7). 
(ix) Shear wave velocity values, and hence maximum shear moduli values, for the 
sand were higher when it was overlain by the sand/cement layer in the three layer 
system than when the sand was the top layer of the two layer system (refer to 
Figure 5.5). A possible explanation for this is the effect of the sand/cement 
overburden in the three layer system having a stiffening effect on the middle sand 
layer. 
(x) In the three layer system the shear wave velocity values for the middle sand layer 
show a slight increase with depth which was not present when the sand was the 
top layer (refer to (ii) and Figure 5.5). As in (ix), this could be caused by the 
placing of an overburden in the form of the top sand/cement layer. 
(xi) Use of the empirical interpretation of A/2 for equivalent depths provided stiffness 
- equivalent depth profiles which correlated well with the "ground" truth of the 
model in the following cases: 
" base layer of sand/cement alone (single layer model) 
" top layer of sand when sand overlies base of sand/cement (two layer 
model) 
" top layer of sand/cement and middle layer of sand when both overly base 
of sand/cement (three layer model). 
" base layer of sand/cement when overlain by sand, at depths below d, the 
thickness of the zone within which stiffness values are unobtainable and 
underestimated 
(xii) Use of the empirical interpretation of A/2 for equivalent depths proved inadequate 
for the entire thickness of the base layer of sand/cement in both the two and three 
layer model when it was overlain by the layer of sand. However the thickness of 
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the region where use of A/2 was inadequate could be estimated using equation 
[5.5]. 
The findings of the forward modelling, which was undertaken to aid the design of the 
layered model, were confirmed by the continuous surface wave testing carried out at each 
stage during construction of the model. Shear wave velocity - equivalent depth profiles 
from surface wave tests carried out at the two layer stage of the physical model 
(sand/cement overlain by sand - refer to Figure 3.33) and from forward modelling (finite 
element analyses: series 8- refer to Figure 3.20) are shown together in Figure 5.8. There 
is a numerical discrepancy between the values of shear wave velocity in the top layer of 
sand found from the surface wave test and the forward modelling. This can be attributed 
to the value of Young's modulus assumed for the sand at the input stage of the finite 
element analysis being greater than the actual value of Young's modulus for the sand in 
the physical model. The same explanation accounts for a similar discrepancy between the 
more or less constant values of shear wave velocity eventually reached in the base layer 
of sand/cement from the surface wave test and the forward modelling. 
Values of maximum shear modulus were also calculated from measurements of 
compressional wave velocities carried out on samples of sand/cement taken from the 
layered model as it was dismantled, and an assumed value of Poisson's ratio (0.2). The 
compressional wave velocities were measured using a portable ultrasonic non-destructive 
indicating tester (PUNDIT - refer to Section 3.7). The process by which the 
compressional waves travel through the sand/cement differs from that by which surface 
waves propagate. In the case of compressional waves the direction of particle vibration 
is the same as the direction of propagation. The particle motion for surface waves is a 
vertical ellipse, and so moduli obtained from surface wave tests will depend on moduli 
for horizontal and vertical shear in the vertical plane. Although moduli measured by these 
two different methods will not necessarily be exactly the same, agreement between them 
is an indication of the validity of the moduli values. The results of the laboratory testing 
that was carried out on samples of sand/cement taken from the layered model are 
presented in Appendix G. Average values of maximum shear modulus for the top layer 
of sand/cement, together with average values from the top, middle and bottom third of 
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the base layer of sand/cement, are shown on Figure 5.9, together with the results from 
the continuous surface wave tests. It can be seen from Figure 5.9 that there is good 
agreement between the two data sets for the top layer of sand cement, and for the base 
layer of sand/cement at depths below 284 mm, that is below the depth where the shear 
wave velocity found from the continuous surface wave test reaches a more or less 
constant value (refer to Figure 3.34). 
The general findings of the forward modelling and the continuous surface wave tests 
carried out on the physical layered model are given below. 
The continuous surface wave technique is able to identify layers of differing moduli. 
Specifically the continuous surface wave technique can identify a low modulus stratum 
between two higher moduli strata. There are, however, certain soil geometries where the 
onset of a high modulus layer may go undetected. Under these circumstances, whether 
part or all of the high modulus layer will be undetected depends on the velocity contrast 
between the high modulus layer and the material overlying it, and the depth of the 
overlying material. In the event that only part of the high modulus material is undetected, 
its stiffness is underestimated for a depth again dependent on the velocity contrast 
between the high modulus layer and the material overlying it, and the depth of the 
overlying material. 
The ability of the continuous surface wave technique to identify a low modulus stratum 
between two higher moduli strata is significant for the site investigation industry. The 
other non-intrusive field seismic geophysical survey technique suitable for the relatively 
shallow investigations often required for civil engineering purposes, the refraction survey, 
can only be used when the stiffness is greater in each successively deeper stratum 
(Hvorslev, 1949). Identification of low modulus layers is clearly important in geotechnical 
engineering, not only in the context of the design of geotechnical structures, for example 
foundations, but also for prediction of ground movements. Failure to identify low 
modulus layers may lead to unsafe designs and/or underestimates of predicted ground 
movements. The actual ground movements, resulting from a construction sequence based 
on the underestimated values, may well be unacceptable. 
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The inability of the continuous surface wave technique always to identify the full extent 
of a high modulus layer will not lead to an unsafe foundation design. It may result in a 
conservative design which in turn may not be the most economical. The inability of the 
continuous surface wave technique always to identify the full extent of a high modulus 
layer is also significant for the planning of an excavation. In the event of a high modulus 
layer going undetected inappropriate methods of excavation may be selected. Problems 
may arise when excavating overall low modulus strata interspersed with undetected thin 
rock layers. Methods of excavation that have been selected on the basis of the 
predominant low modulus strata may be unable to perform in the higher modulus rock 
layers, thus incurring extra cost both in the form of delays and hire of appropriate 
equipment. 
The findings contribute to the formulation of an overall strategy to be adopted when using 
the continuous surface wave technique. When planning surface wave surveys it is 
important to be able to identify situations where part or all of a high modulus material 
may go undetected or where stiffness values may be underestimated. This can be 
achieved by forward modelling using dynamic finite element analysis as described in 
Chapter 3. Having carried out the survey, retrospective analysis to aid interpretation 
should be undertaken. It is apparent from the literature that inversion of the dispersion 
curve using empirical interpretation of X/2 for equivalent depths can be inadequate. It 
does, however, provide a starting point for the retrospective forward modelling. As with 
the inversion techniques used by Stokoe and Nazarian (1985) and Addo and Robertson 
(1992) the process is an iterative one, initiated by assuming values of undrained Young's 
modulus, Poisson's ratio and density for each layer. Dynamic finite element analyses, as 
described in Chapter 3, are carried out in the frequency range used during the field 
survey. The resulting computed dispersion curve is compared with the field dispersion 
curve. The assumed initial parameter values are adjusted and the analysis repeated until 
the computed dispersion curve and the field dispersion curve are the same, or they agree 
to within acceptable limits. 
In the light of this work the recommended strategy for using the continuous surface wave 
technique consists of four distinct stages: 
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(1) carry out forward modelling at the planning stage of a surface wave survey in 
order to identify situations where part or all of a high modulus material may go 
undetected or where stiffness values may be underestimated 
(2) carry out field continuous surface wave survey 
(3) interpret field results using traditional empirical method of assigning, for example 
X/2 to equivalent depths when deriving the stiffness - equivalent depth profile 
(4) retrospectively carry out iterative forward modelling to remove errors in stiffness 
- equivalent depth profiles incurred from using the traditional empirical inversion 
processes 
Adoption of this strategy will enhance the quality and reliability of the stiffness data 
obtained. 
It was evident from the surface wave test results of the three layer system of the physical 
model (refer to Figure 5.6) that the surface wave technique was able to identify 
successfully the stiffness profile of a low modulus layer overlain by a higher modulus 
layer. Similarly in the field, at the London clay site adjacent to the University of Surrey, 
a stiff surface layer overlying an initially less stiff stratum was successfully identified. 
The alternative non-intrusive field seismic geophysical technique that can be used to 
determine ground stiffness values, the refraction survey (refer to Section 2.6.2), is unable 
to detect low modulus layers overlain by higher modulus layers (Geological Society, 
1988). 
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5.3 Comparison of stiffness results from three field seismic geophysical techniques 
with those obtained from small strain laboratory and alternative in-situ field 
testing 
The first part of this work investigated in detail the performance of one field seismic 
geophysical method, that is the continuous surface wave technique, in the controlled 
conditions of the laboratory. The second part of the work moved to the field environment 
of the practicing geotechnical engineer and involved a case study in the London clay. 
Here results from a continuous surface wave survey were compared with results obtained 
from two further seismic geophysical techniques, the parallel crosshole survey and the 
seismic cone penetration test. Results from these seismic geophysical tests were 
subsequently compared with those obtained from unconsolidated undrained triaxial tests 
incorporating local axial strain and mid-plane pore water pressure measurement, and from 
self-boring pressuremeter tests. 
Figure 5.10 shows the maximum shear modulus - depth profile for all three field seismic 
geophysical surveys. Equivalent depths of X12 were assigned to shear wave velocity 
values from the surface wave survey. For this particular site there was good agreement 
between the results from all three surveys. Previous comparisons of results from different 
field seismic geophysical surveys can be found in the literature. Nazarian and Stokoe 
(1984) compared results from the spectral analysis of surface waves (SASW) with those 
from downhole and crosshole tests. At one site SASW and downhole tests were carried 
out and the agreement between the shear wave velocities obtained from the two 
independent test methods was good below a depth of about 7.6 metres (25 feet). At 
depths shallower than 7.6 metres it was felt that the SASW results were more accurate 
than those from the downhole test, but no explanation as to why this might be so was 
given (Nazarian and Stokoe, 1984). At two further sites, where SASW and crosshole tests 
were carried out, the two shear wave velocity - depth profiles thus obtained compared 
favourably. The shear wave velocity values agreed within about 10%. This good 
agreement between the two shear wave velocity values was interpreted as an indication 
of the accuracy of the SASW method. 
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Subsequent comparisons of shear wave velocity - depth profiles from SASW and 
crosshole tests (Hiltunen and Woods, 1988) again showed that the majority of shear wave 
velocity values from the two tests agreed to within 10%. The same work also observed 
that most of the crosshole velocities were larger than the SASW values. This had been 
noticed before (Nazarian, 1984) but no explanation had been offered. Hiltunen and 
Woods (1988) suggested that a possible explanation lay in the common assumption that 
the wave path between the source and receiver used in the crosshole test was a horizontal 
straight line. Ignoring the effects of wave path curvature may lead to shear wave 
velocities that are too high. They corrected their crosshole results to take into account 
wave path curvature, and although this reduced the values of the crosshole results, they 
remained consistently higher than those from the SASW tests. Further explanations were 
suggested but not investigated. One such explanation considered different physical 
behaviours inherent in the tests themselves which are used to interpret shear wave 
velocities. The crosshole test relies on identifying the first break, which occurs early in 
the time history of the propagated wave, while the analysis of surface wave data 
considers behaviour later in the time history of the wave. Two further explanations 
offered for the discrepancies between the crosshole and SASW results were possible 
different responses of shear waves and surface waves to the prevailing in-situ stress 
conditions and possible differences in strain amplitude (Hiltunen and Woods, 1988). 
Crespellani and Vannucchi (1991) compared shear wave velocity and shear modulus 
values obtained from crosshole and SASW tests. They state that relatively good 
agreement is found between the two sets of results, although the agreement is not 
quantified, and they use this agreement as confirmation of the overall reliability of the 
SASW method. The values of shear modulus, G,,,., obtained from the two methods were 
not the same. At depths up to about 10 metres, values of G,. from the parallel crosshole 
survey were, in general, slightly higher than those from the SASW test. Between depths 
of about 10 metres and 17 metres the reverse was true. Below 17 metres there was a 
large discrepancy between the two sets of results, with G. from the SASW test as much 
as three times G,,. from the parallel crosshole test. Jongmans and Demanet (1993) also 
compared shear wave velocity - depth profiles determined from parallel crosshole and 
surface wave tests. They found that shear wave velocities from the surface wave method 
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were consistently lower than those from the parallel crosshole test with a maximum 
discrepancy of about 25 % at 9 metres depth. Both Crespellani and Vannucchi (1991) and 
Jongmans and Demanet (1993) offered explanations for differences in the results in terms 
of the different soil volumes that each method samples. This aspect, together with the 
effect of layering, is covered at a later stage in the Discussion. 
Tokimatsu et al. (1991) compared shear wave velocity - depth profiles from continuous 
surface wave and downhole tests as a means of evaluating the effectiveness of the 
continuous surface wave method. The good agreement found between the two sets of 
results, although not quantified, was yet again taken as an indication of the effectiveness 
of the continuous surface wave method. From the comparative shear wave velocity - 
depth profiles presented (Tokimatsu et al., 1991) the discrepancies ranged between 25 % 
and 2% for most depths. Addo and Robertson (1992) measured shear wave velocities 
using SASW and seismic cone penetration tests (SCPT) at six sites and used the resulting 
favourable comparisons to assess the effectiveness of their surface wave testing and 
processing method. In their work the range of discrepancies between the shear wave 
velocities measured by the two methods was much the same as that found by Tokimatsu 
et al. (1991). In both of these cases, where shear wave velocities from surface wave tests 
were compared with those from downhole tests, the method which produced the higher 
value of shear wave velocity varied throughout the profile (Tokimatsu et al., 1991; Addo 
and Robertson, 1992). 
Although it was noted that shear wave velocities from crosshole tests were consistently 
higher than those from surface wave tests, much of the work previously described has 
used favourable comparisons between shear wave velocities obtained from surface wave 
tests and those obtained from other field seismic geophysical tests (for example crosshole, 
downhole / SCPT) as validation of the surface wave technique. Such comparisons pose 
the questions: 
0 given that the direction of particle motion, direction of travel and mode of 
shearing that takes place in the ground are different in all three cases, should the 
shear wave velocities from these different field seismic geophysical methods be 
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expected to be the same? 
" what further information on the ground conditions can be inferred from the 
comparisons, favourable or otherwise? 
In order to answer these questions it is necessary to consider the part played by 
anisotropy and to define carefully exactly what each test is measuring. 
In the parallel crosshole survey, it is normal to use vertically polarised shear waves 
propagating horizontally. In the seismic cone penetration test, horizontally polarised shear 
waves are propagated essentially vertically. Previous research, for example Roesler 
(1979) and Yu and Richart (1984), has suggested that the magnitude of the velocity of 
a shear wave travelling through an uniform material depends mainly on: 
" the stresses in the direction of wave propagation and in the direction of particle 
motion, the third principal stress having little effect 
"a material constant depending on soil state 
In the case of an uniform cross-anisotropic material, if the shear wave velocities 
measured by the parallel crosshole survey, Vs hv, and seismic cone penetration test, VS vb, 
are equally sensitive to the stresses in the horizontal and vertical directions, and their soil 
state parameter is the same, then V, by will be the same as V. vh. Sully and 
Campanella 
(1995) refer to these two velocities as anisotropic shear wave velocities, as in each case 
the directions of propagation and particle motion are not both in planes where the stresses 
are isotropic. If the two anisotropic shear wave velocities are the same then both or either 
of them will enable a value of the elastic constant L, used by geophysicists, to be 
calculated (refer to Section 1.1). The geophysics parameter L is equivalent to the 
geotechnical parameter Gvb, which is the shear modulus in a plane containing the axis of 
symmetry. If Vs by is not the same as VS Vb, then two values of shear modulus are found, 
Gh and Gvh (Stokoe et al., 1995; Bellotti et al., 1996). One possible explanation of this 
is that the two shear wave velocities are not equally sensitive to the horizontal and 
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vertical stresses (Sully and Campanella, 1995). Where thin layering is present the 
magnitude of shear wave velocities measured will also be dependent on the test method, 
as discussed below. 
When quoting the five independent elastic constants that characterise a cross-anisotropic 
material, Gvh is sometimes simply described as the shear modulus referring to the vertical 
plane (Graham and Houlsby, 1983; Lo Presti, 1995; Bellotti et al., 1996). This modulus 
can be measured when horizontal shear takes place in the vertical plane, as in the 
downhole survey or the SCPT, or when vertical shear takes place in the horizontal plane, 
as in the parallel crosshole survey (Jamiolkowski et al., 1995). Figure 5.11 illustrates 
these two modes of shear. The shear moduli obtained from SCPT and parallel crosshole 
surveys are therefore more correctly referred to as GVh and GhV respectively. In the case 
of cross-anisotropy these values are assumed to be the same (Jamiolkowski et al., 1995; 
Stokoe et al., 1995, Tatsuoka and Kohata, 1995). 
In reality V$ b, and Va ,, and hence GeV and GVh, are often not the same. The differences 
may be attributed to, inter alia, structural (inherent) anisotropy, but caution must be 
exercised if this assumption is made, particularly in layered ground. At a strongly layered 
site Pinches and Thompson (1990) found shear wave velocities from crosshole tests, V. 
to be consistently higher than those from downhole tests, V, A. This was attributed 
to some of the crosshole waves being refracted and travelling along "fast" layers, hence 
leading to an over estimate of the average V, hv. The velocities of vertically or sub- 
vertically travelling shear waves in the downhole survey or seismic cone penetration test 
are average velocity values of the formation. In ground where shear wave velocities vary 
continuously with depth, the velocities of horizontally propagated shear waves in the 
parallel crosshole survey are velocity values for a particular zone, not just the depth of 
the source and receivers. Hryciw (1989) presented theoretical models to take into account 
the ray path curvature that occurs in ground where shear wave velocities vary 
continuously with depth (refer to Section 4.3.1). In strongly layered ground, for example 
if the source and receivers are in a thin low modulus layer with a high modulus layer 
below, then at the interpretation stage, the first arrival of the shear wave is likely to be 
that of a head wave that has travelled predominantly along the interface just in the lower 
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material, that is the high modulus material (refer to Figure 5.12). As a result of this the 
shear wave velocity calculated will be more representative of the high modulus layer than 
the layer at which the source and receivers were clamped. This aspect of the parallel 
crosshole survey has been noted many times in the literature, for example Aas et al. 
(1984), Hiltunen and Woods (1988), Jongmans and Demanet (1993). For strongly layered 
ground, where thin laminations of low modulus material may be present, the ratio of the 
two anisotropic shear wave velocities is likely to give an unrepresentative idea of any true 
structural anisotropy present. However, in the absence of low modulus layers being 
disguised, the ratio of the two anisotropic shear wave velocities may be an indication of 
structural anisotropy, for example in the case where the rate of change of stiffness with 
depth is small. However it can be seen that any such inference should be made with great 
care. 
A linear regression carried out on the results from the parallel crosshole survey revealed 
that the rate of change of stiffness with depth at the London clay site was about 3.4 
MPa/m. At most depths the stiffnesses calculated from the parallel crosshole survey, G,, V, 
were greater than or equal to those calculated from the seismic cone penetration test, Gvh. 
The variation with depth of the ratio of stiffnesses Ghv / Gh is shown in Figure 5.13. The 
average value of the ratio is 1.08 with a standard deviation of 0.09. However there is one 
anomaly in Figure 5.13 which is discussed below. 
At depths between 12 and 13 metres GVh from the SCPT was greater than Gh from the 
parallel crosshole test. This coincided with the claystone layer recorded in the drillers' 
log for borehole GP3. That GVh exceeded Gh between 12 and 13 metres could be 
attributed to the SCPT measuring average shear wave velocities for the formation 
encountered, which includes the high velocity claystone layer. The shear waves 
propagated in the parallel crosshole survey may have passed through the London clay 
only, at a lower velocity. In the parallel crosshole survey successive source and receiver 
depths were above and below the reported depth of the claystone layer, so unless head 
waves were detected, V$ by should be that of the London clay. The fact that V, ,, h from the 
SCPT exceeded V, by from the parallel crosshole test at these depths means that it was 
unlikely that the shear waves in the parallel crosshole test did travel as head waves 
-186- 
through the higher velocity claystone layer. Explanations for this include the possibility 
that the claystone layer did not extend continuously between the source and both the 
receiver boreholes, or that the claystone layer was not thick enough to support the 
propagation of the shear waves. The theory necessary to estimate the minimum thickness 
of material required to support body wave transmission can be found in Fresnel's 
principle (Cerveny and Soares, 1992; Brühl et al., 1996). Essentially the minimum 
thickness is governed by the wavelength of the transmitted waves. The shear wave 
velocity through the claystone layer will be higher than that through the London clay. For 
example, at 9 metres depth (where the shear wave velocity is 160 m/s) the minimum 
thickness must be greater than about 0.67 metres for a 60 Hz frequency shear wave. 
According to the drillers' log the claystone layer was 0.15 metres thick. Therefore it is 
unlikely that the shear waves in the parallel crosshole test could travel as head waves 
through the higher velocity claystone layer. 
Anisotropy can be further investigated using horizontally polarised, horizontally 
propagated shear waves. Their velocity, Va , can be used to determine G, h, the shear 
modulus referred to the horizontal plane. The geotechnical parameter, G, h, is equivalent 
to the geophysics elastic constant, N (refer to Section 1.1). The shear wave refraction 
survey can be used to measure V$ h, (Abbiss, 1981; Powell and Butcher, 1991), but, as 
with all refraction surveys, it suffers from the disadvantage that it can only be used when 
the wave velocity is greater in each successively deeper layer. A more promising method 
of using field seismic geophysical surveys to investigate anisotropy is to use a torsional 
shear wave source when performing a parallel crosshole survey. Work has been carried 
out using such a source, which produces horizontally polarised horizontally propagated 
shear waves (Hoar and Stokoe, 1978; Butcher and Powell, 1995; Sully and Campanella, 
1995; Butcher and Powell, 1996), but as yet these sources are not in general use. Sully 
and Campanella (1995) refer to the shear waves generated by their torsional source as 
isotropic shear waves, due to the fact that, for a cross-anisotropic ground model, both the 
direction of wave propagation and particle motion are in the isotropic plane, that is the 
horizontal plane. Based on the results from two test sites, Sully and Campanella suggest 
that the ratio of anisotropic shear wave velocities to isotropic shear wave velocities is 
little effected by stress anisotropy, but that it may give a good indication of any structural 
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anisotropy present in the ground. This may well be true, but as discussed earlier, any 
such inferences should be made with extreme caution. 
The surface wave velocities measured from the continuous surface wave survey depend 
on the moduli for horizontal and vertical shear in the vertical plane (Abbiss, 1981), GYh 
and G, respectively, since particle motion is in a vertical ellipse. Shear modulus values 
calculated from surface wave testing are a combination of GVh and G,, and are sometimes 
referred to simply as G,. Values of shear wave velocity calculated from these surface 
wave velocities are therefore unlikely to be the same as those measured in the parallel 
crosshole survey or the seismic cone penetration test. Although in the literature good 
agreement between shear wave velocities obtained from surface wave and crosshole or 
downhole (including SCPT) tests has been used to validate the surface wave technique, 
in many cases there is no reason why the different methods should give the same results. 
Apart from the fact that different modes of shearing may be taking place in the ground 
during the various tests, the volumes of ground sampled during each test will be 
different. For example the volume of ground that the surface wave method samples is 
greater than that sampled by the parallel crosshole test. Information derived from the 
surface wave survey reflects the average properties of the ground over the range of 
depths that the waves have penetrated, whereas the parallel crosshole survey reflects the 
properties of the ground for a specific zone. As an example Crespellani and Vannucchi 
(1991) describe sites where a cohesive deposit is interspersed with lenses of sand and 
gravel. The shear wave velocities from parallel crosshole surveys are greater than those 
from surface wave surveys when the former crosses the sand and gravel lenses. 
Conversely, the shear wave velocities from the surface wave surveys are greater than 
those from the parallel crosshole survey when the latter does not include the sand and 
gravel lenses. The surface wave survey will have encountered at least some sand and 
gravel, which will be reflected in the average shear wave velocities derived from surface 
wave velocities. 
At the London clay site studied in this work the agreement between Ghv, from the parallel 
crosshole survey, G, h from the SCPT and G, from the surface wave survey (when 
equivalent depths of X/2 were assigned to each shear modulus value) was close. The 
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decision to use A/2, at least as the starting point for the interpretation of the field results, 
was based on the rate of heterogeneity of the London clay. The rate of heterogeneity, b, 
for a deposit with linear variation with depth is given by equation [5.6] (Gazetas, 1982): 
c =co (l +b z) 
where: 
c: shear wave velocity at depth z; 
co: shear wave velocity at top of deposit; 
z: depth coordinate with origin at top of deposit. 
and b, the dimensionless rate of heterogeneity, is the product (b z). 
[5.6] 
Gazetas (1982) found that variations in b could be used to select the appropriate fraction 
of wavelength to determine the equivalent depths to be assigned to each shear modulus 
value. For 15b <_ 3, X/3 was recommended, but for b <_ 1, a milder rate of 
heterogeneity, A/2 was more appropriate. The work further indicated that for even milder 
rates of heterogeneity fractions of the wavelength larger than 1/2 may provide better 
approximations for equivalent depths. 
For the London clay site described in Chapter 4 the dimensionless rate of heterogeneity, 
calculated from the parallel crosshole survey, was 0.68. Hence it was considered 
appropriate to assign equivalent depths of X12 to each shear wave velocity and shear 
modulus value, and to characterise the London clay site as having a mild rate of 
heterogeneity. Shear wave velocity - depth profiles comparing results from the parallel 
crosshole survey with those from the continuous surface wave survey using equivalent 
depths of X13, X12 and X/1.5 are shown in Figures 5.14,5.15 and 5.16 respectively. It 
can be seen that whilst X/3 provides close agreement with the parallel crosshole results 
for depths up to 3 metres below ground level (refer to Figure 5.14), and X/1.5 provides 
close agreement at depths greater than 14 metres (refer to Figure 5.16), the best overall 
agreement is provided by A/2 (refer to Figure 5.15). 
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The maximum discrepancy between G. and Gvh was 16 %, and that between Gh and G,, 
(assuming equivalent depths of X/2) was 26%. These values compare well with those 
found in the literature, for example Nazarian and Stokoe (1984) and Hiltunen and Woods 
(1988), both found the maximum discrepancy between Gh, and G,, was about 10%; 
Jongmans and Demanet (1993) found the maximum discrepancy between Ghv and G, was 
about 25 %; Addo and Robertson (1992) and Tokimatsu et al. (1991) found the maximum 
discrepancy between GVh and G was about 25 %. The agreement at the London Clay site 
was good enough to conclude that, for this particular site, where the rate of increase of 
stiffness with depth was small, the interpretation of the surface wave survey using 
equivalent depths of A/2 satisfactorily determined the vertical distribution of the 
maximum shear modulus, which for London clay is also the very small strain shear 
modulus. The good agreement between Gb and GVh is symptomatic of cross-anisotropic 
or isotropic ground conditions. A more complete diagnosis of the ground conditions 
would require the measurement of G. This can be accomplished by carrying out a 
parallel crosshole survey using a torsional shear wave source, and would confirm either 
cross-anisotropic or isotropic conditions. 
Error analyses were carried out for each of the field seismic geophysical surveys (refer 
to Appendix E and Figures 4.7,4.10 and 4.13). The general trend was for the potential 
errors to increase with depth in the case of the parallel crosshole and surface wave 
surveys, the increase in error being much more marked for the surface wave survey. For 
the parallel crosshole survey this was due to, inter alia, progressively shorter travel times 
being measured as the survey depth increased. At this site the shorter travel times were 
the result of not only the ground stiffness increasing with depth, but also the borehole 
separation reducing with depth due to the lateral drift that had occurred during the 
drilling of the boreholes. In the case of the surface wave survey, the low frequencies 
required for penetration of deeper strata led to smaller phase differences and hence larger 
potential errors, as discussed in Section 5.2. In the seismic cone penetration test the 
potential errors decreased slightly with depth, as a result of the increase in distance 
travelled by the shear waves as the test depth increased. 
The error analyses carried out for the parallel crosshole and seismic cone penetration tests 
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did not take account of the subjectivity involved in picking shear wave arrival times. The 
error associated with the shear wave arrival time is a function of how precisely the event 
selected to coincide with the shear wave arrival is read. Hence the error analysis assumes 
that the correct event has been selected. Visual interpretation of waveforms, that is 
picking first arrivals, is subjective by its very nature, and the problem may be 
compounded by the shear wave arrival being masked by near field effects or noise (refer 
to Section 4.3.1). Analytical techniques have been suggested (Mancuso et al., 1989) as 
a way of removing the subjective nature of shear wave travel times. Although such 
techniques may remove the subjectivity associated with visual interpretation, they still 
cannot distinguish a near field compressional-wave component from a genuine shear 
wave 
The potential errors involved with each of the field seismic geophysical tests described 
in this work give a indication of the reliability of each test. The surface wave test is 
clearly more reliable at shallow depths. The potential error associated with the phase 
difference increases with depth due to the phase difference itself becoming smaller (refer 
to Section 5.2). Potential errors of 5%, 10% and 20% have been computed for surface 
wave results at depths of 2 metres, 5 metres and 14 metres respectively (refer to Table 
4.3). At frequencies less than 8 Hz, where signal quality is known to be poor (refer to 
Section 4.3.2), potential errors are greater than 15 % (refer to Table 4.3). The depth of 
penetration associated with a source frequency of 8 Hz depends on, inter alia, the 
stiffness of the ground under test. The equivalent depth assigned to the shear wave 
velocity measured at that frequency depends on the fraction of the wavelength selected 
to represent that equivalent depth. For the London clay site described in Chapter 4, the 
depth to which the continuous surface wave survey can be used to provide shear wave 
velocity and hence shear modulus values, for which potential errors are less than 15%, 
is about 10 metres, assuming equivalent depths of X12. The reliability of the parallel 
crosshole and seismic cone penetration test varies with depth, but not significantly (refer 
to Tables 4.2 and 4.4). In both cases near surface values may be unreliable due to 
adverse signal/noise ratios (refer to Section 2.6.2). 
Due to the close agreement between the very small strain stiffness values calculated from 
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all three field seismic geophysical surveys, when comparing these values with those from 
the small strain laboratory testing and the self-boring pressuremeter testing, no distinction 
will be made between the three sets of stiffness data, they will simply be referred to as 
G. The different parameters that each survey measures and the conditions whereby 
their values may vary have already been discussed in the preceding paragraphs. 
The values of G,,. for the London clay derived from the field seismic geophysical 
surveys were consistently greater than uncorrected values of shear modulus, G, deduced 
from measured values of undrained Young's modulus, E,,, at small strains in the 
laboratory. There are many examples of similar findings in the literature, for example 
Atkinson and Sallfors, 1991; Crespellani and Vannucchi (1991); Tatsuoka and Shibuya 
(1992); Tatsuoka and Kohata (1995). The strain levels involved during field seismic 
geophysical surveys are thought to be very small, less than 0.001 % (Schultheiss, 1981; 
Stokoe and Nazarian, 1985), whereas in the laboratory tests, stiffnesses are measured at 
strains greater than 0.001%. In stiff clays like the London clay, the differences in 
stiffness values measured by field seismic geophysical tests and small strain laboratory 
tests can be attributed to, inter alia, the marked non-linear stress-strain behaviour 
encountered over the small strain range characterising soils of this type. Indeed, in stiff 
clays, small strain non-linearity appears to be the dominant factor that needs to be 
modelled in any predictive analysis (Hight and Higgins, 1995), hence the need for 
accurate values of small strain stiffnesses. 
When samples are taken from the ground they are disturbed, and a number of changes 
take place, for example destructuring, opening of fissures and a change in mean effective 
stress (Hight, 1986; Hight, 1993). It is generally accepted that tube sampling in the 
London clay leads to an increase in mean effective stress (Chandler et al., 1992a). If 
laboratory measured stiffnesses are to be used to derive accurate in-situ stiffness profiles, 
account must be taken of this change in mean effective stress due to the sampling 
process. For over twenty years stiffness data from individual laboratory tests have been 
normalised to facilitate comparisons between data (Wroth, 1972; Simpson et al., 1979; 
Jardine et al., 1984; Tatsuoka and Shibuya, 1992; Hight and Jardine, 1993). The most 
commonly used normalising parameters are the peak undrained shear strength, c,,, 
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(Simpson et al., 1979; Jardine et al., 1984; Tatsuoka and Shibuya, 1992) and the mean 
effective stress, po', measured at the start of the shearing stage of the test (Wroth, 1972; 
Jardine et al., 1984; Hight and Higgins, 1995). There are others, for example vpo', the 
product of the mean effective stress prior to shearing and the specific volume (O'Brien 
et al., 1992b), and e'"3, a void ratio function (Jamiolkowski et al., 1991; Mayne and Rix, 
1993), although the latter is only used when normalising very small strain stiffnesses. 
The choice of normalising parameter will affect any subsequently derived stiffness 
profile. Jardine et al. (1984) concluded that, for the tests they described, normalisation 
of undrained Young's modulus by p0' was preferable to cu for uncemented soils. Over the 
past decade p0' has become the most commonly used normalising parameter for undrained 
Young's modulus for many uncemented soils including the London clay (Powell and 
Butcher, 1991; Hight and Jardine, 1993; Hight and Higgins, 1995). The preference for 
Pol can be explained by considering the factors which influence undrained shear strength 
and undrained Young's modulus, for example dilatancy and closed fissures do not have 
the same significant effect on undrained Young's modulus as they do on undrained shear 
strength, particularly at small strains (Costa Filho, 1984; Hight and Jardine, 1993). 
Although the undrained shear strength may be a more readily available parameter from 
routine site investigations, it is not a fundamental parameter governing ground 
deformation. For stiff clays, where small strain non-linearity dominates their stress-strain 
behaviour, the pre-yield parameter po' is more appropriate. In the case of hard clays, 
where bonding and the cohesive component of strength assume greater importance than 
with stiff clays, p0', which cannot normalise bonding effects may be less appropriate than 
c (Hight and Jardine, 1993). 
Having normalised the laboratory measured undrained Young's moduli, E,,, with respect 
to p0', in-situ values of undrained Young's modulus are found from the product of the 
normalised values and the in-situ mean effective stress, p';, -511 at the relevant 
depth. 
Whilst p0' can be measured in the laboratory without ambiguity, measurement of p'; n_51t 
which depends on K0, is more problematic (Jardine et al., 1984); indeed measurement 
of the in-situ stress in stiff clays is one of the most difficult in soil mechanics (Vaughan 
et al., 1992). Provided that bulk density- and pore water pressure- depth profiles are 
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available, the in-situ vertical effective stress - depth profile can be deduced. Values of 
in-situ horizontal stress are more difficult to assess. A variety of in-situ tests are available 
to measure total horizontal stress, for example the push-in and self-boring load cell, the 
Menard, self-boring and push-in pressuremeter (Tedd and Charles, 1981; Burland and 
Maswoswe, 1982; Mair and Wood, 1987). A further method, the suction method 
(Chandler and Gutierrez, 1986; Chandler et al., 1992b), can be used to measure or 
deduce the mean effective stress in a sample of saturated soil. The stress prior to 
sampling can then be calculated and used as an independent check on measurements of 
Y., from other methods (Vaughan et al., 1992). In this work values of in-situ horizontal 
stress were provided by self-boring pressuremeter tests. 
Much has been written in the literature on pressuremeter testing in soils, for example 
Windle and Wroth (1977a, 1977b); Mair and Wood (1987); Corke (1988); O'Brien and 
Newman (1988); Muir Wood (1990); Jardine (1992); Haberfield and Johnston (1993). 
It has been said (Mair and Wood, 1987) that, in the case of clays, the greatest potential 
for pressuremeter testing is the measurement of in-situ horizontal stress and modulus, 
with the proviso that reliable values of in-situ horizontal stress can only be obtained from 
the self-boring pressuremeter. In the case study reported here the specialist contractor 
employed to carry out, process and interpret the self-boring pressuremeter tests used two 
methods to estimate values of in-situ horizontal stresses. The two methods of 
interpretation used were: 
" the lift-off method 
" the modified Marsland and Randolph method 
Details of both methods can be found in the literature, for example Mair and Wood 
(1987), Hawkins et al. (1990). Although the lift off method provides the most rational 
method for estimation of in-situ horizontal stress (Hawkins et al., 1990), there are 
situations when it is inappropriate, for example in the case of a significantly disturbed 
test, when stress relief has taken place or when strain arm responses are erratic (Corke, 
1988). During interpretation of the tests used here, the analyst assessed the validity of the 
values of in-situ horizontal stress obtained from each method. Both values were quoted 
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on the results summary sheet together with a "best estimate", which, in the opinion of 
the analyst, was the most appropriate of the two values. 
From the results presented in Chapter 4 for the London clay studied in this work, 
typically the uncorrected laboratory stiffness values at 0.01 % and 0.1 % strain were 50 % 
and 20 % of G.. respectively. The laboratory measurements of small strain stiffnesses 
were corrected for the changes in mean effective stress which occurred as a result of 
sampling according to the method described in preceding pages, that is: 
0 normalisation of the laboratory local strain stiffnesses with respect to the mean 
effective stress, p0', measured at the start of shearing 
" calculation of the in-situ stiffness from the product of the normalised laboratory 
stiffness and the estimated in-situ mean effective stress, p'; n_s1 
Hence corrected values of undrained secant Young's modulus, E,,, are given by: 
E. (co, mod) = 
E" 
wry) Ami [5.7] 
Po 
The in-situ mean effective stress - depth profile was estimated from the in-situ total 
horizontal stress results of the self boring pressuremeter tests. The values of in-situ total 
horizontal stress used were those termed the "best estimates" in the report compiled by 
the contractor who carried out the pressuremeter testing. The in-situ mean effective stress 
values showed a wide scatter (refer to Figure 4.17) and therefore three specific profiles 
were considered in detail: 
0 profile from SBP3, the self-boring pressuremeter hole closest (10 m) to the 
parallel crosshole survey site 
" profile from SBP7, the self-boring pressuremeter hole next closest (90 m) to the 
parallel crosshole survey site 
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0 the profile based on a linear regression analysis carried out on mean effective 
stress values deduced from all self-boring pressuremeter tests 
These profiles, together with the laboratory mean effective stress - depth profile are 
shown on Figure 5.17. Almost without exception the in-situ values exceed the laboratory 
values. This is in direct contrast to the findings of Hight (1986) and Chandler et al. 
(1992a), and the generally accepted view that tube sampling of London clay leads to an 
increase of mean effective stress. There are a number of possible reasons for this: 
" the soil samples were allowed to swell as a result of poor drilling or sampling 
practice 
the self-boring pressuremeter tests overestimated the values of total horizontal 
stress at the locations where they were used 
" the in-situ total horizontal stress - depth profile at the parallel crosshole survey 
site was significantly different to those at the pressuremeter locations 
To assist in the evaluation of the first possible explanation, corrected undrained Young's 
modulus - depth profiles were plotted. Three such profiles using laboratory measured 
undrained Young's modulus values at 0.01% strain, and corrected using the three 
specified mean effective stress profiles from the self-boring pressuremeter tests, together 
with the profile obtained from the parallel crosshole survey, are shown in Figure 5.18. 
In each of the corrected profiles there are values of corrected undrained Young's modulus 
greater than or equal to the very small strain undrained Young's modulus, E . This 
result lacks credibility and indicates that poor drilling or sampling practices are unlikely 
to be the reasons for the in-situ values of mean effective stress exceeding the laboratory 
values. 
Of the two remaining explanations for the in-situ values of mean effective stress 
exceeding the laboratory values, it is difficult to say definitively that one or other is 
solely responsible. There is evidence of situations whereby self-boring pressuremeter tests 
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do overestimate in-situ horizontal stresses (O'Brien et at., 1992a). Machine compliance 
effects can lead to overestimates of lift off pressure measurements, particularly when 
average arm values are used (O'Brien et al., 1992a). Although this problem has been 
partly addressed by the introduction of "Fahey" rollers (Fahey and Jewell, 1990), no such 
rollers were used in the self boring pressuremeter testing considered here. Hawkins et al. 
(1990) showed that, due to the effect of the non-linear stress-strain behaviour of stiff 
clays, use of the modified Marsland and Randolph method may well lead to the in-situ 
total horizontal stress being overestimated. 
Detailed examination by the consultant of specimens taken from borehole GP3 (one of 
the boreholes used for the parallel crosshole survey) revealed that the fabric of the 
London clay at this location was highly weathered to a depth of approximately 15 metres, 
possibly due to cryoturbation or soil churning. Whilst it is generally accepted that the 
location of the site will have suffered periglacial conditions during the Pleistocene, it is 
possible that the site lay within the limits of the Anglian Ice Sheet, and hence was 
subjected to glacial effects (Jones, 1981). There were features present in the samples 
taken down to 15 metres that were consistent with both glacial conditions, for example 
pebbles that could have been deposited as moraine, and periglacial conditions, for 
example evidence of solifluction in the form of basal shear planes and cryoturbation. 
Such fabric is not the norm for the London clay and was not observed in other areas of 
the site. Indeed if the very small strain shear modulus - depth data from the parallel 
crosshole survey carried out at this site (site 1 in Figure 5.19) are compared with data 
from other London clay sites they are found to be, in general, more than 30% lower, at 
least up to a depth of about 15 metres, consistent with the depth of weathering (refer to 
Figure 5.19). 
The wide scatter of in-situ total horizontal stress results from the self-boring 
pressuremeter tests, in particular the large disparity, over a relatively small distance, 
between results obtained from SBP3 and SBP7, highlights the danger of using 
pressuremeter results that have not been carried out in the immediate vicinity of the area 
in question. Whatever is the reason for the in-situ values of mean effective stress to 
exceed the laboratory values, it is clear that great care must be taken when applying this 
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type of correction to laboratory measured small strain stiffnesses. In this context the field 
seismic geophysical survey results provided an invaluable upper bound by which to assess 
critically the corrected laboratory stiffnesses. Specifically, the values of the very small 
strain shear modulus, G,,., provided a warning against the indiscriminate use of a routine 
normalisation procedure. 
More generally, Hawkins et al. (1990) conclude that, although the lift off and modified 
Marsland and Randolph method are the best methods available for the deduction of in-situ 
horizontal stress values from self-boring pressuremeter testing, such determinations are 
still fraught with problems. It remains unlikely that accurate values of in-situ horizontal 
stress can be measured using the current technology available in pressuremeter testing 
(Haberfield and Johnston, 1993; Clayton and Serratrice, in press). If values of in-situ 
horizontal stress, ah, are important for design purposes, as they were to the engineering 
consultant responsible for the design of the project referred to in Chapter 4, then other 
methods of measuring ah should be considered rather than relying solely on self-boring 
pressuremeter tests, which provides at best an estimate of vh (Mair and Wood, 1987; 
Haberfield and Johnston, 1993). 
The self-boring pressuremeter is also used to provide values of ground stiffness. Before 
examining the results of this work, it is worth considering what the pressuremeter 
actually measures, and how these measurements are likely to relate to stiffness values 
obtained from small strain laboratory and field seismic geophysical tests. 
The pressuremeter is a horizontal loading test and therefore any moduli derived from it 
will be relevant to the horizontal direction. Warren (1982) stated that the pressuremeter 
test provided values of Ghh, the shear modulus for horizontal shear in the horizontal 
plane. It has subsequently been shown that the modulus calculated in a pressuremeter test 
from an unload-reload loop is not the same as either the tangent or secant shear modulus 
measured in a triaxial compression test (Muir Wood, 1990), and is more correctly 
referred to as the pressuremeter modulus, Gp. Values of GP are calculated from the 
pressure - cavity strain curve plotted from the test results. An initial modulus, G;, can be 
found from the initial slope of the curve. This value may well under-estimate the actual 
-198- 
in-situ modulus due to the disturbance that will have occurred during the installation of 
the pressuremeter into the ground (Mair and Wood, 1987). Ground disturbance that 
occurs during installation can be minimised by optimisation of the cutter position and 
using a cutter shoe of the same external diameter as the pressuremeter (Clarke, 1981). 
The unload-reload modulus, Gr, which is obtained from small unload-reload loops which 
take place after the initial expansion, is generally accepted as the most reliable modulus 
to be found from the self-boring pressuremeter test (Jamiolkowski et al., 1985). 
However, the magnitude of G,, depends on the size of the unload-reload cycle, and it is 
therefore important that the strain range over which the modulus has been calculated is 
quoted (Mair and Wood, 1987). 
In the case study described in Chapter 4 both values of in-situ mean effective stress and 
undrained Young's moduli, inferred from in-situ total horizontal stress and unload-reload 
modulus measured by the self-boring pressuremeter respectively, were uncharacteristically 
high. Factors that may have been responsible for this include: 
" cutter position 
0 drilling technique 
" configuration of the components that make up the self-boring pressuremeter 
In the London clay the disturbance that occurs during installation may bring about an 
increase in effective stress due to shear distortion. 
Field seismic geophysical tests measure Gam, that is the shear modulus at strains that are 
assumed to be less than 0.001 % (Schultheiss, 1981; Stokoe and Nazarian, 1985). If local 
strain gauges are used, triaxial tests can measure stiffnesses at strains greater than 
0.001 % throughout the small strain region. Strains at the lower end of the small strain 
range, where major stiffness variations are apparent, and the majority of operational 
strains are to be found, are likely to be lower than the resolution of the pressuremeter 
testing equipment (Muir Wood, 1990). Small strain stiffness values from triaxial tests are 
therefore unlikely to show good agreement with pressuremeter moduli. Not only do the 
tests actually measure different parameters, but they are also carried out at different strain 
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levels. 
Butcher and Lord (1993) compared self-boring pressuremeter results with quick 
unconsolidated undrained triaxial tests on 38 mm diameter specimens from U100 samples 
and 98 mm diameter specimens from thin wall tube samples. Their work made no 
mention of local strain measurement, and no attempt was made to take into account the 
stress and strain levels that prevailed in each test. Initial shear modulus data from the 98 
mm specimens were consistently higher than those from the 38 mm specimens by a factor 
of 2, with the latter data set showing more scatter. Initial shear moduli values from self- 
boring pressuremeter tests exceeded both sets of laboratory values in all cases. Reload 
shear modulus data showed much less scatter in the case of the laboratory tests and were 
exceeded by the self-boring pressuremeter results by a factor of 3. 
Ochi et al. (1993) and Tatsuoka et al. (1993) compared stiffnessess from pressuremeter 
tests, E; and Eur, with those from field seismic geophysical tests, E,,,., triaxial 
compression tests, F sue, and values back calculated from field measurements, Eba. Their 
combined findings were, inter alia: 
" values of initial Young's modulus, E;, calculated from the pressuremeter loading 
curves were much smaller than the back calculated values, Fes,,, which were in turn 
smaller than those from field seismic geophysical surveys, E,,. 
" these discrepancies were attributed mainly to non-linear stress-strain behaviour: 
0 in pressuremeter testing the strain levels often exceeded 0.5% 
o back calculated strain levels were found to lie approximately in the range 
0.01 to 0.1% 
0 in field seismic geophysics the strain levels are thought to be less than 
0.001% 
" the size of the discrepancy between Eba and E depended on the extent of the 
linear portion of the stress-strain relationship for individual materials, for example 
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in the case of cemented materials, where linearity may be found at strain levels 
of 0.03 %, F, ba was only slightly smaller than E,,,. 
" values of unload-reload moduli from pressuremeter tests, E,, exceeded those of 
initial moduli, E, 
" values of unload-reload moduli from pressuremeter tests, ET, were very similar 
to undrained secant Young's modulus values from triaxial compression tests, E. Sec, 
when compared at similar strain levels 
Their work concluded that for the sedimentary soft rocks studied, providing non-linear 
stress-strain behaviour was accounted for, stiffness values from back calculated field 
measurements, field seismic geophysical methods, pressuremeter tests and triaxial 
compression tests compared favourably (Ochi et al., 1993; Tatsuoka et al., 1993). 
Although they commented that scale effects, for example effects due to cracks, joints and 
faults, were negligible in this study, no reference was made to other factors that may 
influence laboratory measured stiffnesses. These factors include the destructuring, 
opening of fissures and changes in effective stress that result when samples are taken 
from the ground. 
The specialist contractor who carried out the self-boring pressuremeter tests considered 
in this work presented values of the initial pressuremeter modulus, G;, and unload-reload 
modulus, G,., in terms of average arm analysis and individual arm analysis, in their 
report. No account was taken of the non-linear behaviour of the London clay being 
tested. The unload-reload modulus results showed a similar widespread scatter to that 
exhibited by the in-situ total horizontal stress results (refer to Figure 4.21). The values 
of Gr were also uncharacteristically high for London clay. Results of Gr from SBP3 and 
SBP7 (average arm analysis) together with the results of GI,. from the parallel crosshole 
survey and the uncorrected laboratory results at 0.01% and 0.1% strain, G0.01 and Go. 1 
respectively, are shown on Figure 5.20. Also shown on Figure 5.20 are the mean strain 
levels at which each of the self-boring pressuremeter tests were carried out. The strain 
levels and depths below ground level (down to 10 metres) at which the self-boring 
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ri ý, 
pressuremeter tests were carried out for SBP3 are given below: 
Depth 
(m) 
Strain level 
(%) 
2.2 0.16 
3.2 0.15 
8.2 0.24 
9.2 0.18 
It can be seen that at depths down to 10 metres, for SBP3, values of Gur (measured at 
mean strain levels greater than 0.10 % by the self-boring pressuremeter) exceeded values 
of G,,, (measured at strain levels of less than 0.001 % by the parallel crosshole survey). 
In the majority of cases the remainder of the results from SBP3 together with those from 
SBP7 fall between the values of G,,, and G0 01 or just below G0"01, in spite of the fact that 
the mean strain levels at which the self-boring pressuremeter tests took place were at least 
an order of magnitude greater than 0.01 %. The situation is no better if individual arm 
analyses are considered. Figure 5.21 shows the unload-reload modulus - depth profiles 
from individual arms for SBP7. Also shown on Figure 5.21 are shear modulus - depth 
profiles from the parallel crosshole survey and the uncorrected laboratory results at 
0.01 % and 0.1% strain. All but two of the unload-reload moduli lay between the Go. 1 
and G. profiles, although the mean strain levels at which they were measured exceeded 
0.1 %. For the two results where the mean strain level was less than 0.1 % (0.04 % and 
0.07%) the unload-reload moduli exceeded G.. 
The unload-reload moduli from the self-boring pressuremeter tests do not compare well 
with the small strain shear moduli obtained from the triaxial compression tests, 
irrespective of whether average arm or individual arm analyses are considered. Values 
of unload-reload moduli shown in Figures 5.20 (average arm analysis) and 5.21 
(individual arm analysis), together with the strain levels at which they were measured, 
are not consistent with the highly non-linear stress-strain behaviour that London clay 
exhibits over the small strain range (0.001% to 1%), whereby stiffness reduces with 
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strain. However, it should be recognised that when making such comparisons, it is 
important to compare like with like. The strain levels at which the pressuremeter testing 
was carried out were, in the majority of cases, considerably greater than the strain levels 
at which laboratory stiffness - depth profiles were plotted. Perhaps even more important 
is the fact that the strain levels at which the pressuremeter testing was carried out were 
higher than the vast majority of operational strains. It is now recognised that if stiffnesses 
from pressuremeter tests are to be compared with those obtained from laboratory tests, 
or to be used in the geotechnical design process, then stress-strain non-linearity must be 
taken into account (Muir Wood, 1990; Jardine, 1992). 
Jardine (1992) suggested a method for interpreting non-linear stiffness data from 
undrained pressuremeter tests. Pressuremeter data so interpreted compared well with data 
from high quality laboratory tests for axial strains greater than 0.01 % (Jardine, 1992). 
When this method was applied to the self-boring pressuremeter data from SBP3 and 
SBP7, for both average and individual arm data, the vast majority of corrected 
pressuremeter stiffness values remained higher than laboratory stiffness values that had 
been measured at lower strain levels. Figure 5.22 shows G,, from SBP3 and SBP7 
(average arm analysis) together with G. from the parallel crosshole survey and the 
uncorrected laboratory results at 0.01 % and 0.1 % strain, G0 01 and Go. I respectively. The 
corrected strain levels for Gr are marked on Figure 5.22. 
The uncorrected laboratory stiffness values of specimens prepared from the samples 
obtained from GP3 were typically 50 % and 20 % of G when measured at 0.01 % and 
0.1 % respectively. This is consistent with the non-linear stress-strain behaviour of 
London clay. The unload-reload stiffnessess from the self-boring pressuremeter exhibit 
a high level of scatter and are not consistent with non-linearity. Although the 
pressuremeter has been a standard investigation tool for soils for many years (Haberfield 
and Johnston, 1993), care must be exercised if pressuremeter moduli alone are to be used 
for the prediction of ground movements. The disturbance caused during the installation 
of the self-boring pressuremeter, although likely to be less than that associated with the 
pre-drilled boreholes required for the Menard pressuremeter, may lead to under estimates 
of in-situ stiffnesses, particularly in the case of the initial modulus, G; (Mair and Wood, 
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1987). The strain levels at which the pressuremeter tests take place must be taken into 
account (O'Brien et al., 1992; Jardine, 1992; Tatsuoka et al., 1993; Ochi et al., 1993) 
if pressuremeter moduli are to be compared with stiffnessess from other methods, 
laboratory or in-situ. 
As with the correction procedure applied to laboratory measured stiffnessess to take into 
account the change in mean effective stress that occurred due to the sampling process, 
it can be seen that the field seismic geophysical survey results provide an invaluable 
upper bound against which stiffnesses from the pressuremeter testing may be evaluated 
and discarded if necessary. The sequence of events that took place during the case study 
in the London clay has indicated the inadvisability of relying on pressuremeter 
stiffnessess alone: 
" pressuremeter stiffnessess, Gr, uncorrected for strain level were 
uncharacteristically high and exhibited a large degree of scatter 
" pressuremeter stiffnessess, Gur, from SBP3, (the self-boring pressuremeter hole 
closest to the site of the parallel crosshole survey) exceeded G,,, at depths of up 
to 10 metres 
0 the majority of the pressuremeter stiffnessess, Gur, from SBP3 and SBP7, (the two 
self-boring pressuremeter holes closest to the site of the parallel crosshole survey) 
were inconsistent with the non-linear stress-strain behaviour of the London clay 
both before and after the values had been corrected for strain level, and 
irrespective of whether average or individual arm analysis was considered 
The last point was established by considering the pressuremeter stiffness data in the light 
of stiffness data from the parallel crosshole survey, where the strain levels are assumed 
to be less than 0.001 %, and the small strain laboratory tests, where data are available at 
known strain levels (0.01 % and 0.1 %). It would appear from all three points that, in this 
case, the stiffness results from the self-boring pressuremeter tests are unreliable. 
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Section 5.3 has discussed the stiffness results from three field seismic geophysical 
techniques together with those obtained from small strain laboratory and self-boring 
pressuremeter tests. The GhV -, Gh - depth profiles from the parallel crosshole survey and 
the SCPT respectively showed good agreement throughout. The G, - depth profile from 
the continuous surface wave survey, using equivalent depths of X12, compared well with 
those from the parallel crosshole survey and the SCPT down to about 12 metres. The 
continuous surface wave technique, which was evaluated in detail in Section 5.2, has 
been used successfully in the field to determine the vertical distribution of the very small 
strain shear modulus. At this particular site, where the rate of heterogeneity was mild, 
X/2 proved appropriate when calculating the equivalent depth to assign to each value of 
surface wave velocity. This is consistent with results of a numerical study carried out by 
Gazetas (1982), and has been discussed earlier. 
Small strain triaxial tests carried out on specimens obtained from thin wall push tube 
samples provided values of undrained Young's modulus, E, in the vertical planes at 
strain levels of 0.01 % and 0.1 %. E ,- depth profiles at both strain levels, prior to 
correcting the laboratory stiffnessess for the change in mean effective stress that will have 
occurred due to the sampling process, were plotted alongside E, . - depth profiles from 
the field seismic geophysical testing. The three profiles were consistent with the non- 
linear stress-strain behaviour expected for the London clay. When the laboratory 
stiffnessess were corrected, using in-situ mean effective stresses that had been calculated 
utilising in-situ horizontal stresses measured by the self-boring pressuremeter, some of 
the corrected values of E exceeded the maximum values derived from the field seismic 
geophysical testing. These values were unrealistically high, but may not have been 
noticed in the absence of the upper bound provided by the field seismic geophysical 
testing. 
Values of Gu, from the self-boring pressuremeter tests were compared with values of G, . 
and values of G0.01 and Go., inferred from F,. The values of Gur used were from the self- 
boring pressuremeter holes nearest to the field seismic geophysical tests and the borehole 
from which the thin wall push tube samples were extracted. These values were 
uncharacteristically high for London clay, and when compared with G., G0.01 and Go.,, 
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were inconsistent with the non-linear stress-strain behaviour expected, even when they 
were corrected for strain level. The laboratory and field seismic geophysical testing 
results made it possible to assess critically the reliability of the pressuremeter stiffnessess. 
5.4 Field seismic geophysics and the measurement of geotechnical stiffness 
parameters 
The aim of this final section in the Discussion is to draw together the findings that have 
been considered in Sections 5.2 and 5.3 and set them within the context of current site 
investigation practice. 
The results of the pilot scale layered model experiment provided a strategy for using the 
continuous surface wave technique, and offered an alternative method of interpretation 
to X/2 when assigning equivalent depths to the surface wave velocities that had been 
measured. The strategy has already been used to re-interpret data from a continuous 
surface wave survey carried out at the Lernacken test site in Sweden (Clayton et al., 
1995c). Situated at the eastern end of the Oresund crossing, the site, which is owned by 
Gresundskonsortiet and managed by the Swedish Geotechnical Institute, has been the 
location of much of the site investigation carried out for the forthcoming Oresund link. 
The experiment also validated the technique for various soil geometries, by comparing 
stiffnesses obtained from continuous surface wave measurements with the "ground truth", 
that is values obtained from dynamic laboratory testing carried out on specimens taken 
from the model. Many previous validations of the surface wave technique have relied on 
comparisons with other field seismic geophysical methods (Nazarian and Stokoe, 1984; 
Hiltunen and Woods, 1988; Crespellani and Vannucchi, 1991). Examination of these 
other methods, for example parallel crosshole, downhole/SCPT and refraction, and the 
shear wave sources they use, reveals that in each case different stiffness parameters are 
measured. Only in the case of isotropic homogeneous ground conditions would the results 
of the various tests be expected to be the same. Agreement or discrepancy between 
stiffness values from the different tests is more likely to be giving us information about 
the ground conditions, particularly in terms of anisotropy (Sully and Campanella, 1995; 
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Bellotti et al., 1996), than about the test methods. Any inferences made about ground 
anisotropy on the basis of comparisons between stiffnessess obtained from different field 
seismic geophysical tests should, however, be made with caution. The combination of test 
and ground conditions may lead to misrepresentation of the facts, for example in the case 
of strongly layered ground, shear wave velocities from a parallel crosshole survey may 
be too high due to the measurement of head wave velocities (Pinches and Thompson, 
1990). 
Three field seismic geophysical techniques, the continuous surface wave survey, the 
parallel crosshole survey and the seismic cone test, have been investigated. The parallel 
crosshole survey has been available to the site investigation industry for over twenty 
years (Stokoe and Woods, 1972; Ballard and McLean, 1975; Stokoe and Hoar, 1978), 
and in the absence of thin layers of low modulus material, can identify layered strata and 
provide shear wave velocity - depth profiles from which stiffness - depth profiles can be 
derived, providing values of density are known. The technique is intrusive, requiring the 
installation of three cased and grouted boreholes. Inevitably the ground closest to the 
borehole will have been disturbed during installation, but the majority of ground through 
which the shear waves travel will be undisturbed. 
The latest addition to the field seismic geophysical techniques repertoire, the seismic cone 
penetration test (SCPT), is also intrusive, although it requires no boreholes. Ground 
disturbance will occur as the probe is inserted into the ground, but as with the parallel 
crosshole survey, the majority of ground through which the shear waves travel will be 
undisturbed. The SCPT, in its most usual form, is a downhole test, providing average 
ground stiffnessess for the formation encountered. It is able to provide stiffness 
information over a much larger area than the parallel crosshole survey in the same time. 
In this work particular attention has been paid to the continuous surface wave technique. 
Although this is the most under utilised of all the field seismic geophysical techniques in 
the U. K., potentially it has much to offer due to its non-intrusive nature and its quick and 
economic implementation. Like the SCPT it provides average stiffnessess over the depth 
of penetration of the surface waves. An important practical aspect of surface wave testing 
in the field is to be able to carry out an initial analysis of the data on site (refer to Section 
-207- 
3.6.2). Therefore it must be possible to measure the phase differences between the signals 
received at each geophone for each source frequency. This can be achieved using a low 
frequency spectrum analyser or a phasemeter as in Chapter 3. Using an empirical 
relation, for example X/2, to calculate equivalent depths, together with equations [3.1] 
and [3.2], a first approximation of the surface wave velocity - equivalent depth profile 
is obtained. If necessary further frequencies can be selected in order to fill any gaps in 
the data set. 
In order to describe fully the stiffness of cross-anisotropic ground, five independent 
parameters are required (refer to Sections 1.1 and 1.2). Studies have taken place in the 
field (White et al., 1983), and the laboratory (Bellotti et al., 1996), where these five 
parameters have been measured using seismic methods. In both cases compressional wave 
as well as shear wave (horizontally and vertically polarised) velocities were ascertained 
and used to calculate the five parameters. In geotechnical applications, where near-surface 
saturated, uncemented materials often require investigation, any compressional wave 
velocities measured will reflect the velocity within the pore fluid rather than the soil 
skeleton. Hence values of compressional wave velocities for the soil skeleton will not be 
available. Without the compressional wave velocities of the soil skeleton, evaluation of 
the five independent parameters becomes difficult. In the terms used by the geophysics 
literature, values of N and L can be obtained from, for example a parallel crosshole 
survey using horizontally polarised shear waves and a parallel crosshole survey using 
vertically polarised shear waves respectively. Evaluation of A, C and F is problematic, 
and to-date there seems to have been no study, either field or laboratory based, reported 
in the literature where the five independent parameters have been found using shear wave 
surveys alone. 
Using the geotechnical notation, the five independent parameters required to describe the 
stiffness of a cross-anisotropic material can be written as Eh, E,,, Gh, vt, and vag, where 
va = (EEh/E). vvh (refer to Section 1.1). In the absence of compressional wave surveys, 
shear wave surveys can provide values of Gvh, Ghv or G, depending on the plane of 
polarisation and direction of transmission of the waves. Shear moduli found from surface 
wave surveys are a combination of GYh and G, often referred to as G, In the laboratory, 
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triaxial compression tests most commonly measure undrained Young's modulus in the 
vertical direction, E',. Undrained Young's modulus in the horizontal direction, E h, is 
sometimes measured (Atkinson, 1975). In the case of a cross-anisotropic stratum the 
horizontal orientation of the sample does not matter. The advent of local strain 
measurement has meant that lateral as well as axial strains can be measured throughout 
the small strain range (Clayton and Khatrush, 1986; Clayton et al., 1989; Shibuya et al., 
1994). This means that values of Poisson's ratio can be obtained, for example in a triaxial 
compression test on a specimen from a sample cut with its axis vertical, Poisson's ratio 
for the effect of vertical stress on horizontal strain, vvh, may be measured. Pressuremeter 
testing provides an unload-reload modulus for horizontal shear in the horizontal plane, 
Gur hn- 
Field seismic geophysical surveys can yield values of: 
" Gin 
" GhV, which for cross-anisotropy is equal to GVh 
" Ghh, where Gth can be linked to E1 and with via Ghh = Eh/2(1 + v,,,, ) 
" G, which is related to GVh and Gam, 
Small strain laboratory testing can yield values of: 
" -UV 
h 
0 Vvh 
Measurement of Gh, can be accomplished by refraction surveys or parallel crosshole 
surveys using a torsional shear wave source. Use of the refraction survey, however, is 
not without problems as it relies on ground stiffness increasing with depth (refer to 
Section 2.6.2), and torsional shear wave sources, although available, are rarely used 
outside the research environment. If all five independent parameters are to be measured 
then a combination of field seismic geophysical shear wave surveys and small strain 
laboratory testing will be necessary, with the laboratory testing to include local 
-209- 
measurement of axial and lateral strains, and tests carried out on specimens from samples 
cut with both vertical and horizontal axes. Before using the parameters in any analysis, 
non-linear stress-strain behaviour should be taken into account, and any laboratory based 
values corrected for the change in mean effective stress that will have occurred as a result 
of the sampling process. The variation of in-situ horizontal stress with depth, or the K,, 
profile, remains a major uncertainty in stiff clay (Hight and Higgins, 1995). At present 
there is no single preferred technique, although the filter paper method (Chandler and 
Gutierritz, 1986; Chandler et al., 1992b) has become popular due to its relative simplicity 
(Hight and Higgins, 1995). The self-boring pressuremeter can be used, as in this work, 
to provide values of in-situ horizontal stress, but interpretation of the results can be 
problematic (Hight et al., 1992). 
The case study of Chapter 4 has illustrated the advantages of using a combination of a 
field seismic geophysical survey (parallel crosshole) and small strain laboratory testing. 
High quality commercial laboratory tests were carried out on specimens cut from thin 
wall push tube samples. The parallel crosshole survey and the laboratory testing were 
commissioned as part of a commercial ground investigation where stiffness values were 
needed for the finite element analyses required for geotechnical design and ground 
movement predictions. The original site investigation, which included the self-boring 
pressuremeter tests discussed in this work, had failed to provide satisfactory parameters, 
despite the fact that it could be considered a more thorough (more thorough than routine) 
site investigation (refer to Section 2.4 and Table 4.1) according to current practice. The 
combination of the parallel crosshole survey and the small strain laboratory testing 
provided a range of stiffnessess from those at very small strain (G. from the parallel 
crosshole survey) to those through the highly non-linear small strain range (E 0.01 -, 0.1 
from the laboratory testing). It would appear that even a so-called thorough site 
investigation, according to current practice, can fail to provide the information required 
by the geotechnical engineer. So where do the techniques explored in this work, all of 
which are available to the site investigation industry as opposed to being strictly the 
province of the research environment, fit into the scheme of current site investigation 
practice for measuring ground stiffness? 
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Much more is now known about ground stiffness, and indeed ground behaviour in 
general, than was thirty years ago, and yet this increase in knowledge has not been 
matched by corresponding changes in the ground investigation industry. Current 
procedure often involves selection of standard tests at an early stage, with the emphasis 
still on classification tests, SPT and quick undrained triaxial tests carried out on 
specimens cut from U100 tube samples. SPT "N" and c values are then used to derive 
stiffness values based on empirical relationships which have no sound theoretical basis. 
Recent developments in the understanding of the highly non-linear stress-strain behaviour 
of soils in the small strain region, and the appreciation that the majority of operational 
strains lie in this region, have meant that stiffnessess derived' from empirical correlations 
with SPT "N" and c, values are no longer appropriate for present day analyses based on 
ground models that incorporate small strain behaviour. However, although small strain 
triaxial and stress path tests are often done on major projects, they are rarely, if ever 
carried out on intermediate or minor projects. It seems that the parameters measured 
reflect the importance, rather than the nature of the project. Even when so-called 
sophisticated testing is carried out, unless it forms part of a well thought out, well 
designed site investigation, it does not automatically provide improved parameters. For 
example as part of the original site investigation undertaken for the London clay case 
study described in Chapter 4, unconsolidated undrained triaxial tests with mid plane pore 
pressure and local axial strain measurement were carried out. However, only two such 
tests took place, one of which gave an undrained Young's modulus that was so 
uncharacteristically high for London clay that it had to be disregarded (refer to Figure 
4.2). This left one result which, in isolation, could contribute little. 
Not only has our knowledge of ground stiffness increased. Advances in instrumentation, 
data logging and computing power have been accompanied by the development of non- 
linear finite element packages to be used in conjunction with more complex ground 
models. Unfortunately geotechnical engineers continue to specify only the common 
routine tests (Atkinson, 1996). If state of the art analyses are to provide realistic 
solutions, then realistic ground parameters must form part of their input. The type of 
analysis to be carried out will, to a certain extent, determine the tests (in-situ or 
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laboratory) that need to be carried out. It remains important to carry out routine tests for 
classification and description, but further to that, tests must be undertaken to determine 
design parameters: for example material parameters, the most important of which define 
the critical state line, simple state dependent parameters, the most important of which are 
peak strength and very small strain shear modulus, and, finally complex state, history and 
strain dependent stiffness parameters for which there will be no single value (Atkinson, 
1996). Not all these parameters will be required for all situations, for example for soft 
clays identification of the yield surface may be of most importance, whereas for weak 
rock the effects of discontinuities and stress relief may be critical (Hight and Higgins, 
1995). For stiff clays, including London clay, Hight and Higgins (1995) state that "small- 
strain non-linearity seems to be the crucial issue". 
The maximum shear modulus, G., is an important design parameter, and will become 
increasingly so in the future as a result of the continuously growing understanding of 
ground behaviour at operational strains, and the connection between static and dynamic 
measurements of stiffness. Its determination, from measurements of shear wave velocity, 
can be achieved in the laboratory using either a resonant column apparatus or 
piezoceramic bender elements. Although there are commercial laboratories using both 
these techniques, they are in the minority, and at present neither test could be described 
as being routinely available commercially. The in-situ alternatives for measuring shear 
wave velocities are the field seismic geophysical techniques investigated in this work. 
One of the advantages of these field methods is that laboratory samples, no matter how 
carefully they are taken, will always be affected by the sampling process. 
Stiffnessess measured by field seismic geophysical surveys avoid many of the problems 
associated with sample disturbance. Destructuring, which is inevitable when samples are 
taken from the ground, results in an irrecoverable reduction in stiffness (Hight and 
Higgins, 1995). Although with the parallel crosshole survey and the SCPT there is 
localised ground disturbance when the boreholes and probes respectively are installed or 
inserted into the ground, the majority of the ground that the shear waves travel through 
remains undisturbed. In the case of the continuous surface wave survey even localised 
ground disturbance is avoided. Other effects of sample disturbance include opening of 
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fissures and changes in mean effective stress, neither of which have to be accounted for 
when interpreting data from field seismic geophysical surveys. Such surveys test the 
ground as it exists in the field, at in-situ stress levels. 
The strain levels at which field seismic geophysical tests are carried out are assumed to 
be less than 0.001 % (Schultheiss, 1981; Stokoe and Nazarian, 1985). However, given that 
the vast majority of operational strains are small (often less than 0.1%) (Jardine et al., 
1986), the margin by which operational stiffnesses are overestimated in field seismic 
geophysical surveys is relatively small. In the London clay case study, values of 
undrained Young's modulus at 0.1 % strain, E 0.1, were typically 20 % the very small 
strain undrained Young's modulus, E,,,. If values of E,,, are to be used to infer values 
of E at operational strains then the variation of stiffness with strain, often referred to as 
the S-shaped curve (refer to Figure 1.1), must be known. The S-shaped curve links 
seismic results measured at very small strain levels (E < 0.001 %) with those measured 
in the laboratory throughout the small strain range (0.001 %<E<1.0 %). Providing the 
strain level dependency of such soils is taken into account, stiffness values obtained from 
field seismic geophysical surveys can be used in geotechnical design and for the 
prediction of ground movements. There are cases where stiffness values from field 
seismic geophysical surveys can be used directly in engineering calculations, for example 
in highly fractured weak rock (Matthews, 1993). Here the mass compressibility is lower 
than that of the intact rock. Field seismic geophysical surveys take into account the 
fractured nature of the rock mass, hence very small strain stiffnesses thus obtained are 
much closer to operational stiffnesses than those measured on intact specimens in the 
laboratory. Operational stiffnesses are overestimated by small strain laboratory tests 
because the tests are taking place on intact samples, which do not take into account the 
fissured nature of the material (Matthews, 1993, Clayton et al., 1995a). Field seismic 
geophysical surveys test large volumes of ground taking into account fractures and/or 
fissures. 
High quality parameter values from laboratory tests (resonant column or bender element) 
will necessitate high quality samples being taken from the ground. In the examples of 
"thorough" site investigations considered in this work, samples were taken from a single 
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borehole, with only two or three specimens actually being tested. Information over a 
much greater area can be obtained from the SCPT and continuous surface wave survey 
in the same time for a lower cost, particularly in the case of the continuous surface wave 
survey, which has the added advantage of being non-intrusive. 
This work demonstrates the practical benefits that can be gained by using field seismic 
geophysics in site investigations. Specifically, the benefits of knowing the very small 
strain shear modulus, G,,., have been illustrated in the London clay case study. Here 
values of Gi,. from the field seismic geophysical surveys acted as a benchmark against 
which stiffness values from other forms of testing, for example small strain laboratory 
tests and self-boring pressuremeter tests, can be evaluated and discarded if shown to be 
unrealistic. The continuous surface wave technique has been used successfully to detect 
layered strata. More generally, given the relatively large uncertainties associated with 
other methods of determining ground stiffness, whether in the laboratory or using in-situ 
testing, field seismic geophysical surveys using shear waves clearly have a role to play 
as an integrated part of stiffness investigations. Although not all types of field seismic 
geophysical survey are suitable for all ground investigations, in most cases at least one 
type of survey will yield information of value to the geotechnical engineer. 
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Figure 5.1 High stiffness material overlying less stiff material 
-215- 
a) Schematic representation of low stiffness material overlying an 
infinitely deep stiffer material 
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shear wave velocity values are unobtained and underestimated 
Figure 5.2 Low stiffness material overlying stiffer material 
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Figure 5.3 Low stiffness layer sandwiched between two higher stiffness layers 
Gý 
Figure 5.4 High stiffness layer sandwiched between two lower stiffness layers 
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Figure 5.6 Maximum shear modulus - equivalent depth profile from continuous 
surface wave tests on completed layered model 
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Figure 5.9 Maximum shear modulus - equivalent depth profile from continuous 
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crosshole survey and surface wave survey. Equivalent depths of X/2 
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Figure 5.16 Shear wave velocity - depth profiles comparing results from parallel 
crosshole survey and surface wave survey. Equivalent depths of X, / 1.5 
were assigned to shear wave velocity vaules obtained from the surface 
wave survey. 
-229- 
0 
"UU results from GP3 
Linear regression (all SBP results) 
-O- SBP results (SBP3) 
--ý-SBP results (SBP7) 
---Ko=1 
----- Ko=2 
----Ko=3 
\ 
\\\\\ 
5 
10 
E 
t 
.r a 
0) a 
15 
20 
25 L 
0 100 200 300 400 500 600 
Mean effective stress (kPa) 
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Figure 5.20 Comparison of unload-reload moduli from SBP testing (average arm 
analysis) with shear moduli from parallel crosshole and UU laboratory 
tests. Strain levels at which SBP tests carried out are marked next to 
data points. 
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Figure 5.21 Comparison of unload-reload moduli from SBP7 (individual arm 
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tests. Strain levels at which SBP tests carried out are marked next to 
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CHAPTER 6 CONCLUSIONS 
This work has investigated the use of seismic waves to provide ground stiffness values 
that can be used in geotechnical calculations. It has evaluated, in engineering terms, the 
applicability of three field seismic geophysical survey techniques to the site investigation 
industry. The three field seismic geophysical survey techniques considered were the 
parallel crosshole survey, the seismic cone penetration test and the continuous surface 
wave survey. Particular emphasis was given to the continuous surface wave method, 
which remains the most under-utilised field seismic geophysical technique in the UK, 
despite its advantages, for example its non-intrusive nature, speed and low cost. 
A review of the literature of ground stiffness and its importance in geotechnical 
engineering was carried out and presented in Chapter 2. The review considered the 
developments that have led to current thinking and practice in measurement of ground 
stiffness parameters and their subsequent use in geotechnical design and prediction of 
ground movements. The following conclusions were reached: 
(1) Static and dynamic stiffnesses are not different material properties and are now 
more often referred to as small and very small strain stiffnesses respectively. 
(2) Finite element analyses have shown that the vast majority of operational strains 
are small, often less than 0.1 %, and lie in the range 20 - 70 % of G., depending 
on the strain level. Reliable measurement of stiffnesses at small strains is 
therefore essential for accurate ground movement prediction. 
(3) Field seismic shear wave surveys measure ground stiffness at the in-situ stress 
level but at too small a strain level. However the margin by which operational 
stiffnesses are over estimated in field seismic geophysical surveys is often 
relatively small. 
(4) There remains a lack of confidence in geophysics in the civil engineering 
industry. Geophysics is often used when all other methods have failed, and field 
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seismic geophysical surveys rarely form part of a ground stiffness investigation. 
(5) Despite the infrequent use of field seismic geophysical surveys within the site 
investigation industry today, current knowledge of ground behaviour (summarised 
in (1) - (3)) leads to the conclusion that these surveys are potentially useful to the 
geotechnical engineer. 
The work proceeded in two main directions, the first of which involved a detailed 
investigation of the continuous surface wave technique, with particular regard to the 
ability of the method to detect layers of differing moduli. To this end a pilot-scale layered 
model was designed, the design process aided by forward modelling using dynamic finite 
element analyses. The model was constructed and continuous surface wave tests took 
place at each stage throughout the construction. On completion of the continuous surface 
wave testing programme, the model was dismantled and cuboid samples of the model 
material taken for further laboratory testing. The findings of the forward modelling were 
confirmed by the continuous surface wave testing and led to the following conclusions: 
(6) The continuous surface wave technique is able to identify the presence of layers 
of differing moduli. 
(7) When a low modulus layer is overlain by a high modulus layer there is a range 
of frequencies unable to provide stiffness data. 
(8) Estimates of the upper limit, f, pp, the lower limit, fýwer+ and hence the extent, 4f, 
of this range can be found from the following expressions: 
f= 
VS 1 Cl [6.1] 
"nx 
_ 
VS 2 C2 [6.2] flower =nx 
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0f_ 
Vs 1 Cl - V: 2 
C2 
[6.3] 
nx 
where: 
Vs 1: shear wave velocity of the high stiffness, upper 
layer 
Vs 2: shear wave velocity of the less stiff, 
lower layer 
Cl: factor depending on Poisson's ratio for the high stiffness, upper layer 
(refer to equation [1.14]) 
C2: factor depending on Poisson's ratio for the less stiff, lower layer (refer to 
equation [1.14]) 
x: thickness of the high stiffness, upper layer 
n: a constant (refer to Appendix I) 
(9) There are certain ground geometries such that the upper part of a high modulus 
layer may go undetected. 
(10) When a high modulus layer is overlain by a low modulus layer all or part of the 
high modulus layer may go undetected, depending on the velocity contrast 
between the high modulus layer and the material overlying it, and the depth of the 
overlying material. Stiffness values are unobtainable in this region. 
(11) If only part of the high modulus layer is undetected, the stiffnesses first detected 
are underestimated for a depth dependent on the velocity contrast between the 
high modulus layer and the material overlying it, and the depth of the overlying 
material. 
(12) An estimate of the combined thickness of the zone, d, within which stiffness 
values are unobtainable and underestimated can be found from the following 
expression: 
2 -[6.4] d= ftic1) 
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where: 
V$ I: shear wave velocity of the low stiffness, upper layer 
Vs 2: shear wave velocity of the stiffer, lower layer 
C1: factor depending on Poisson's ratio for the low stiffness, upper layer (refer 
to equation [1.14]) 
C2: factor depending on Poisson's ratio for the stiffer, lower layer (refer to 
equation [1.14]) 
x: thickness of the low stiffness, upper layer 
(13) The continuous surface wave technique can identify a low modulus stratum 
between two higher moduli strata. This is important for the site investigation 
industry. Failure to identify low modulus layers may lead to, for example, unsafe 
foundation design or an underestimate of predicted ground movements. 
(14) The continuous surface wave technique is not always able to identify the full 
extent of a high modulus layer. This may not only lead to conservative and hence 
uneconomic foundation designs, but also to inappropriate selection of excavation 
techniques at the planning stage. 
Conclusions (6) - (14) have led to the development of a strategy to be adopted when 
using the continuous surface wave technique. The strategy integrates dynamic finite 
element analyses with the field continuous surface wave survey, and its implementation 
enhances the quality and reliability of the stiffness data obtained. The following stages 
form the overall strategy: 
" carry out forward modelling at the planning stage of the continuous surface wave 
survey in order to identify situations where part or all of a high modulus material 
may go undetected or where stiffness values may be underestimated 
" carry out field continuous surface wave survey 
" interpret field results using traditional empirical method of assigning, for example 
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X/2 to equivalent depths when deriving stiffness - equivalent depth profile 
" retrospectively carry out iterative forward modelling to remove errors in stiffness 
- equivalent depth profiles when using traditional empirical inversion process 
It was further concluded that: 
(15) Stiffnesses obtained from continuous surface wave tests carried out on the layered 
model agreed well with those obtained from dynamic laboratory tests carried out 
on samples taken from the model. These results validated the ability of the 
continuous surface wave technique to detect layered strata, in certain 
circumstances. 
(16) Stiffnesses obtained from continuous surface wave tests carried out on the layered 
model were repeatable. 
The work moved from the controlled environment of the laboratory into the field, 
specifically to a London clay site, where the study of the continuous surface wave 
technique continued. Here the interrelation of stiffness results from a continuous surface 
wave survey, parallel crosshole survey and seismic cone penetration were investigated. 
The results of all three field seismic geophysical surveys were subsequently compared 
with those from small strain laboratory tests carried out on specimens obtained from thin 
wall push tube samples, and self-boring pressuremeter tests. The following conclusions 
were reached: 
(17) The close agreement between the results from the parallel crosshole, seismic cone 
and continuous surface wave survey has shown that, at this site, where the rate 
of increase of stiffness with depth was small (rate of heterogeneity less than 1), 
the interpretation of the continuous surface wave survey using equivalent depths 
of A/2 was appropriate for the determination of the vertical distribution of the 
very small strain shear modulus. 
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(18) Good agreement between the stiffness moduli found from the parallel crosshole 
survey and the seismic cone penetration test is an indication that the ground is 
cross-anisotropic or isotropic. 
(19) The continuous surface wave test identified successfully a stiffer layer overlying 
a less stiff layer both in the controlled conditions of the laboratory and in the 
field. 
(20) The main limitation of the continuous surface wave survey is that its maximum 
depth of penetration is relatively low (10-12 metres for London clay), the 
accuracy of stiffness values reducing with depth. However it normally provides 
better quality data at shallow depths than can be obtained from a crosshole survey. 
In this work values of both in-situ total horizontal stress and stiffness obtained from the 
self-boring pressuremeter showed a widespread scatter and were often uncharacteristically 
high. The effect of this was twofold. Firstly, a number of laboratory measured stiffnesses 
at 0.01 % strain, when corrected for the changes in mean effective stress due to the 
sampling process using in-situ total horizontal stresses from self-boring pressuremeter 
tests, exceeded those measured at strains of less than 0.001% by the field seismic 
geophysical tests. Secondly, the uncharacteristically high stiffnesses from the self-boring 
pressuremeter, when compared with those from the small strain laboratory and the field 
seismic geophysical tests, were inconsistent with the non-linear stress-strain behaviour 
characteristic of London clay, even when corrected for strain level. Both these effects 
may have gone undetected in the absence of the field seismic geophysical survey results. 
This leads to the following conclusions: 
(21) The field seismic geophysical tests provide an upper stiffness bound by which 
stiffnesses obtained from other methods can be critically evaluated and discarded 
if shown to be unrealistic. 
(22) Reliance on the self-boring pressuremeter alone to provide values of in-situ total 
horizontal stress and/or ground stiffness can lead to errors, particularly if the 
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pressuremeter data is not obtained in the immediate vicinity of the area of interest. 
Setting this work in the context of current site investigation practice led to the following 
conclusion: 
(23) Field seismic geophysical surveys avoid problems associated with: 
" sample disturbance (destructuring, opening of fissures, stress relief) 
" testing a mass of ground sufficiently large to contain representative fracturing and 
particle sizes. 
Stiffnesses are measured at in-situ stress levels, but at strain levels that may be too small. 
However the margin by which operational stiffnesses are over estimated is often relatively 
small. Therefore in most ground investigations at least one type of field seismic 
geophysical survey yields valuable information to the geotechnical engineer. 
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APPENDIX A: NOTES ON BENDER ELEMENT TESTING 
As stated in Section 3.3.1, the use of piezoceramic bender elements is extensively 
reported in the literature, for example Shirley and Hampton (1978), Schultheiss (1981), 
Dyvik and Madshus (1985), Thomann and Hryciw (1990), Viggiani and Atkinson (1995) 
and Gordon and Clayton (in press). This appendix deals specifically with bender element 
testing carried out at the University of Surrey. 
Bender element testing was introduced into the Department of Civil Engineering at the 
University of Surrey by the author, under the supervision of Professor C. R. I. Clayton, 
in 1991. Initial work included modifying a standard triaxial cell to accommodate bender 
elements in the base pedestal and top cap, and the development of suitable techniques for 
cutting, wiring and mounting the bender elements. This work, together with early test 
results, was written up and presented as a final year project when the author was an 
undergraduate (Gordon, 1991). 
Initial testing used a continuous low frequency (60 Hz) square wave to excite the 
transmitter. Reversal of the input signal enabled two output waveforms to be produced. 
The shear wave arrival time was picked at the position where the first reversal of the 
output waveform occured, using the interpretation software described in Appendix B. The 
"zoom" facility enabled the first reversal to be picked more precisely. Shear wave 
velocities subsequently calculated led to values of maximum shear moduli that were as 
much as double the shear moduli values calculated from local strain measurements at 
about 0.001 % strain. This suggested that the shear wave arrivals were being picked too 
early and that the first reversal did not signify the shear wave arrival, possibly due to 
near field effects (Sanchez-Salinero et al., 1986). In this case the "zoom" facility simply 
allowed an incorrect time to be read more precisely. 
Continuous sine waves were then used to excite the transmitter, and interpretation 
software incorporating a fast Fourier transform (as described in Appendix B) used to find 
the phase difference between the transmitted and received waveforms. Shear wave 
velocities subsequently calculated could be used to predict an arrival time for shear waves 
generated using a square input. These predicted arrival times did not coincide with the 
first reversal of the output waveform, but occurred later. This confirmed that the first 
reversal did not signify the shear wave arrival. 
At the time the author carried out the testing of dry sands, incorporating bender element 
tesing, in preparation for the construction of the layered model, the following 
methodology was used: 
(i) During each test a combination of square and sinusoidal inputs were used. 
(ii) Shear wave velocities obtained from sinusoidal inputs were used to identify the 
event on the seismic records obtained from square inputs that marked the shear 
wave arrival. 
(iii) Shear wave arrival times were then picked from data using square inputs. The 
software incorporating the "zoom" faclity thus enabled the shear wave arrival time 
to be read more precisely. 
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APPENDIX B: NOTES ON INTERPRETATION SOFTWARE USED IN THIS 
WORK 
Software developed and written by the author was used to process the following: 
(i) Bender element tests on dry sand (refer to Section 3.3.1 and Appendix A). 
(ii) Surface wave tests carried out during the trial on sand (refer to Section 3.3.2). 
(iii) Initial surface wave test carried out on base layer of physical model (refer to 
Section 3.6.1). 
(iv) Output data from dynamic finite element analyses (refer to Section 3.3.4). 
(v) Parallel crosshole survey' in the London clay (refer to Section 4.3.1). 
(vi) Surface wave surveys in the London clay (refer to Sections 4.3.2 and 4.6). 
Development took place in two directions: 
" to enable analysis of data to take place in both the time and frequency domain 
((i), (ii), (iii), (iv) and(vi)) 
" to enable the measurement shear wave travel times ((i) and(v)) 
All programs were written in Quickbasic and run on a 486,33 MHz PC. 
The program used during the early stages of processing surface wave surveys analysed 
seismic records taken during the tests on an individual basis. The main features of this 
program were as follows: 
(a) Option to display header data of seismic record, for example number of channels, 
number of samples, sample rate, filter values. 
(b) Option to display on the screen time - amplitude plots (wiggle traces) for specified 
channels. 
(c) Option to carry out FFT2 and subsequently display frequency spectra on the 
screen for specified channels. Peak frequency values also displayed on screen. For 
records of 5000 samples the last 904 values were not included in the FFT, and for 
records of 2000 samples the data set was "padded" with 48 zeros, in order that 
the number of data was a power of 2 (refer to Section 3.3.2). 
The program was subsequently modified to introduce a degree of automation which 
allowed a complete survey to be processed. The main features of the modified program 
were: 
(a) An input file is set up containing the number of seismic records to be analysed 
together with the individual record names and signal frequencies. 
1 This software can also be used to process data from seismic cone penetration tests. 
2 Code for the FFT routine was adapted from that given by Press et al. (1992) 
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(b) An FFT is carried out on data from each channel for each seismic record named 
in the input file. 
(c) For each channel of each seismic record phase differences for the signal 
frequency, together with the five frequency values immediately above and below 
the signal frequency are written to an ASCII file. 
Frequency - phase difference data are then imported into a standard spreadsheet for post 
FFT processing. These programs, along with minor adjustments to take into account, for 
example, varying numbers of samples and/or channels, varying frequency ranges and 
record lengths, formed the basis for the interpretation of. 
" full scale field surface wave tests 
" initial surface wave tests carried out on the pilot scale layered model 
" displacement - time data contained in the output file generated by dynamic finite 
element analyses 
" bender element tests where continuous sinusoidal signals were used as input 
signals. 
The FFT code implemented by the author was validated by comparing its output with that 
of the direct Fourier transform (DFT) performed by the NAG routine CO6EAF using the 
same input data. 
A further suite of programs were written to process parallel crosshole surveys and bender 
element tests where step input signals were used. The main features of these programs 
were: 
(a) Option to display header data of seismic record, for example number of channels, 
number of samples, sample rate, filter values. 
(b) Option to display on the screen time - amplitude plots (wiggle traces) for: 
" up/down hammer blows for a parallel crosshole survey 
" left/right hammer blows for a seismic cone penetration test 
" up/down step inputs for bender element testing 
for specified channels. 
(c) Option to display simultaneously with (b) the amplitude difference for 
corresponding values of the two data sets. 
(d) Zoom facility which enabled a particular section of the displayed traces to be 
enlarged. 
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APPENDIX C: INPUT FOR FINITE ELEMENT ANALYSES 
The programs described in Appendix C (FUDGE and PRUNE) are part of a group of 
programs collectively known as the FRUIT suite written by M. J. Gunn. 
C. 1 Example of data generation input file for FUDGE' 
* FUDGE: Fruit Users' Data GEnerator 
MEL 20 
MNOD 30 
T TRIAL WITH RENUMBERING SOFTWARE 
Z 
SN 1 0 0 
SN 2 5 0 
SN 3 5 4 
SN 4 0 4 
SE 1 14 12 1 5 
SF 1 4 1 1 0 
SF 1 1 2 1 0 
SF 1 1 2 2 0 
PRUNE 4 
PIN 
Q 
412340000 
C. 2 Definition of terms used in the input file above 
MEL maximum number of elements (number given may be larger than actual 
maximum) 
MNOD maximum number of nodes (number given may be larger than actual 
maximum) 
T title - gets reflected in output 
Z terminates above section of data 
SN supernode information: 
column 1: supernode number 
column 2: x coordinate 
column 3: y coordinate 
SE superelement 
column 1: 
column 2: 
column 3: 
column 4: 
column 5: 
information: 
superelement number 
superelement type 
element type from associated program (PEAR) 
zone number 
number of divisions (x) 
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column 6: number of divisions (y) 
columns 7-10: supernode numbers 
columns 11-14: information on side nodes 
SF fixity information: 
column 1: superelement number 
columns 2 and 3: supernode numbers (anti-clockwise) 
column 4: direction (x=1, y=2) 
column 5: fixity value 
PRUNE 4 PRUNE element type 
PIN command to write data generated so far to output file 
Q end of data file 
If more than one superelement is used then a further term, CON, is inserted between the 
last line of superelement information and the first line of fixity information. 
CON removes node numbers that have the same coordinates as others in the mesh 
then renumbers all nodes to remove any gaps in the numbering system. To 
maintain consistency node numbers in the element data are also renumbered. 
If more than one layer is analysed a further term, REN, is inserted between CON and 
the first line of fixity information. 
REN nodes are renumbered to reduce the bandwidth of the stiffness matrix 
The output file from FUDGE, an example of which is given below, forms the basis of 
the input file for the finite element program, PRUNE. 
C. 3 Example of output file from FUDGE 
* FUDGE PROGRAM (VERSION NUMBER) DATE 
T TRIAL WITH RENUMBERING SOFTWARE 
* READING DATA, ARRAY STORE USED: 
* INTEGERS 5270 OUT OF 500000 
* FLOATING POINT 467 OUT OF 15000 
NNOD 30 
NEL 20 
NFIX 16 
NLOAD 0 
*MNODEL 9 
*NDIM 2 
Z 
*NODAL COORDINATES 
N10.000 0.000 
N20.000 1.000 
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N 29 5.000 3.000 
N 30 5.000 4.000 
*ELEMENT - NODAL CONNECTIVITY 
E1 4 11 6 7 2 
E2 4 12 7 8 3 
E 19 4 1 23 28 29 24 
E 20 4 1 24 29 30 25 
*NODAL FIXITIES 
F1 1 0.000 
F1 2 0.000 
F2 1 0.000 
F3 1 0.000 
F 26 1 0.000 
F 26 2 0.000 
*NODAL LOADS 
*None 
Q 
C. 4 Definition of terms used in the output file above 
T title - gets reflected in output 
NNOD number of nodes 
NEL number of elements 
NFIX number of fixities 
NLOAD number of loads 
Z terminates above section of data 
N node information: 
column 1: node number 
column 2: x coordinate 
column 3: y coordinate 
E element information: 
column 1: element number 
column 2: element type 
column 3: zone number 
columns 4-7: node numbers 
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F fixity information: 
column 1: node number 
column 2: degree of freedom number (1 = x, 2= y) 
column 3: fixity value 
Q stop 
Lines commencing with an asterisk, for example MNODEL, NDIM, NODEL 
COORDINATES, provide information but take no part in the analysis. 
C. 5 Example of input file for PRUNE 
The FUDGE output file of Section C. 3 is edited and becomes the input file for PRUNE. 
T TRIAL WITH RENUMBERING SOFTWARE 
NNOD 30 
NEL 20 
NFIX 16 
NLOAD 2 
NDIM 2 
MSTEP 100 
NDAT 3 
Z 
*NODAL COORDINATES 
N1 0.000 0.000 
N2 0.000 1.000 
N 29 5.000 3.000 
N 30 5.000 4.000 
*ELEMENT - NODAL CONNECTIVITY 
E1 4 11 6 
E2 4 12 7 
E 19 4 1 23 28 
E 20 4 1 24 29 
*NODAL FIXITIES 
F1 1 0.000 
F1 2 0.000 
F2 1 0.000 
F3 1 0.000 
F 26 1 0.000 
F 26 2 0.000 
*NODAL LOADS 
L5 2 00 0 
72 
83 
29 24 
30 25 
67 9425 
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L 10 2000 
DENS 1 1600 
YM 1 2E8 
POISS 1 0.2 
SEL 6 1 20 40 60 
O 15 2 
O 20 2 
O 25 2 
A 0.0001 100 
Q 
133 9525 
80 100 
C. 6 Definition of the terms used in the input file above 
Only those terms that have not been previously defined are defined here. 
MSTEP maximum number of time steps 
NDAT number of nodes to be included in tabular form in the output file 
L information on loading conditions: 
column 1: node number 
column 2: direction of load (1 = x, 2= y) 
columns 3-6: load in Newtons 
column 7: frequency value in rad/s 
DENS density information: 
column 1: zone number 
column 2: density value in kghn3 
YM Young's modulus information: 
column 1: zone number 
column 2: Young's modulus value in N/m2 
POISS Poisson's ratio information: 
column 1: zone number 
column 2: Poisson's ratio value 
SEL selected time steps for which information is written to the output file 
column 1: number of time steps (n) for which output is required 
columns 2-(n+l): number of steps after which output is required 
O nodes at which displacements are written to the output file 
column 1: output node number 
column 2: direction of displacement (1 = x, 2= y) 
A information on analysis time 
column 1: magnitude of time interval in seconds 
column 2: number of steps in analysis 
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C. 7 PRUNE output 
The PRUNE output file contains, inter alia, x and y nodal displacements for the times 
specified at input stage by the SEL card, and a table of displacements versus time for the 
nodes and direction(s) specified by the 0 card in the input file. 
load 
vertical boundary 
free of vertical 
traction 
vertical boudary 
free of vertical 
and horizontal 
traction 
Figure Cl Diagrammatic representation of fixity conditions used in finite 
element analysis 
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horizontal boundary fixed 
in x and y directions 
APPENDIX D: SHEAR WAVE VELOCITY DATA FROM DYNAMIC 
FINITE ELEMENT ANALYSES 
Finite Input output % error of Finite Input output % error of 
element shear wave shear wave output element shear wave shear wave output 
analysis velocity velocity shear wave analysis velocity velocity shear wave 
velocity velocity 
(mis) (mis) (M/s) (MIS) 
Series 3 333 325.0 2.4 Series 7 333 330.0 0.9 
333 336.0 0.9 333 351.0 5.4 
333 329.0 1.2 
962 585.0 39.2 
962 320.0 66.7 962 751.0 21.9 
962 323.0 66.4 962 850.0 11.6 
962 1011.0 5.1 
962 950.0 1.2 
Series 4 962 938.5 2.4 962 997.0 3.6 
962 955.0 0.7 
962 977.0 1.6 
Series 8 289 294.6 1.9 
333 346.5 4.1 289 283.4 1.9 
333 347.2 4.3 
333 329.0 1.2 833 461.0 44.7 
833 592.8 28.8 
833 612.5 26.5 
Series 5 745 746.0 0.1 833 614.7 26.2 
745 741.0 0.5 833 616.5 26.0 
745 742.0 0.4 833 629.5 24.4 
833 649.8 22.0 
962 730.0 24.1 833 663.2 20.4 
962 848.0 11.9 833 726.1 12.8 
962 856.0 11.0 833 839.7 0.8 
833 849.8 2.0 
833 852.7 2.4 
Series 6 333 330.0 0.9 833 884.7 6.2 
333 351.0 5.4 
962 585.0 39.2 
962 751.0 21.9 
962 823.0 14.4 
Table D. 1 Shear wave velocity data from dynamic finite element analyses 
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APPENDIX E: ERROR ANALYSIS 
E. 1 Surface wave testing on layered model 
Shear wave velocities were calculated using equations [3.1], [3.2] and [3.3], re-written 
here as equations [El], [E2] and [E3] respectively. 
=d 
360 [El] 
V=fx [E2] 
VS =VC -1 [E3] 
Variables required to calculate the shear wave velocity were the receiver separation, d, 
the phase difference, 0, the frequency, f, and the factor C which depends on Poisson's 
ratio, v. The uncertainties associated with the measurement of these variables were 
assumed to be: 
(i) 0.001 m for d 
(ii) 3° for 0 
(iii) 0.2 Hz for f 
(iv) 0.05 for v which gives an uncertainty of 0.01 for C 
Total potential error on shear wave velocity measurements, AV is given by: 
AK =0d+0(P +Of+OC [E4] 
which expands to: 
OV_0.001+3+0_2+0.01 [E5] 
sdfC 
E. 2 Parallel crosshole survey in the London clay 
Shear wave velocities were calculated using equation [4.3], re-written here as equation 
[E6], 
VS h,, t 
[E6] 
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where At is the difference between the shear wave arrival times to the first and second 
receivers, t, and t2 respectively, and Ax is the receiver separation. 
Variables required to calculate the shear wave velocity were the receiver separation, Ox, 
and the shear wave travel times tl and t2. The uncertainties associated with the 
measurement of these variables were assumed to be: 
(i) 0.01 m for Ox 
(ii) 1 ms for t, 
(iii) 1 ms for t2 
To avoid confusion in equation [E7] the receiver separation, Ox, is replaced by just x. 
Total potential error on shear wave velocity measurements, AV$ by, is given by: 
OVS 
, =&x+At1+At2 
[E7] 
which expands to: 
JýV 
0.01+1+1 
x ti t2 
Equation [E8] assumes values of tl and t2 are in milliseconds. 
E. 3 Surface wave survey in the London clay 
Errors calculated as described in Section E. 1. Uncertainties associated with measurement 
of variables as in Section E. 1 with the exception of the receiver separation, where an 
uncertainty of 0.01 metres was assumed. 
E. 4 Seismic cone penetration test in the London clay 
Shear wave velocities were calculated as follows: 
v$ 
vh 
t 
where 
[E9] 
d= (x2 + d2)1R - (x2 + di)ln [E10] 
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t=t2 - tl [E11] 
and x: horizontal offset of the source from the position of entry into the ground 
of the seismic cone 
d2: depth to lower receiver 
dl: depth to upper receiver 
t2: travel time to lower receiver 
t1: travel time to upper receiver 
Variables required to calculate the shear wave velocity were the horizontal offset, x, 
depths to the upper and lower receiver, dl and d2 respectively, and the travel times to the 
upper and lower receiver, t, and t2 respectively. The uncertainties associated with the 
measurement of these variables were assumed to be: 
(i) 0.01 m for x 
(ii) 0.005 m for d1 and d2 
(iii) 0.5 ms for t1 and t2 
Total potential error on shear wave velocity measurements, AV, vh, is given by: 
AK h= 2Ax + Ade + Ad, + Ott + At, [E12] 
which expands to: 
OV 
s "h -20.01 + 
0.005 
+ 
0.005 
+ 
OS 
+ 
OS 
x d2 di ti tl i 
Equation [E13] assumes t, and t2 are in milliseconds. 
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APPENDIX F: DATA FROM SURFACE WAVE TESTING 
CARRIED OUT ON LAYERED MODEL 
Frequency 
(Hz) 
Wavelength 
(m) 
Surface 
wave 
velocity 
(M/s) 
Shear 
wave 
velocity 
(mis) 
Equivalent 
depth 
(%/2) 
(m) 
% error of 
shear wave 
velocity 
(M/s) 
1500 0.411 616.5 676.9 0.206 1.9 
1851 0.323 598.6 657.3 0.162 1.7 
2000 0.330 660.0 724.7 0.165 1.8 
2000 0.300 599.5 658.3 0.150 1.7 
2100 0.267 561.7 616.7 0.134 1.7 
2368 0.244 578.3 635.0 0.122 1.6 
2500 0.231 578.7 635.4 0.116 1.6 
2807 0.210 590.0 647.8 0.105 1.6 
3537 0.188 665.4 730.6 0.094 1.5 
3750 0.169 632.3 694.3 0.084 2.0 
3959 0.167 659.8 724.5 0.083 1.5 
4000 0.151 604.6 663.8 0.076 1.5 
4000 0.153 612.0 672.0 0.077 1.5 
4532 0.146 661.4 726.2 0.073 1.4 
4636 0.132 610.9 670.7 0.066 1.9 
4798 0.129 620.9 681.8 0.065 1.4 
5362 0.110 591.0 648.9 0.055 1.4 
5968 0.100 596.8 655.3 0.050 1.4 
6633 0.091 605.5 664.8 0.046 1.4 
7249 0.084 612.4 672.5 0.042 1.3 
7466 0.078 584.8 642.2 0.039 1.7 
7976 0.074 588.1 645.7 0.037 1.3 
8696 0.071 621.1 682.0 0.036 1.3 
9453 0.065 617.8 678.4 0.033 1.7 
9695 0.062 601.9 660.9 0.031 1.6 
Table F. 1 Data for surface wave test on base layer of physical model 
(* smaller receiver spacing) 
sand/ 
cement 
Minimum shear wave velocity (m/s) 616.7 
Maximum shear wave velocity (m/s) 730.6 
Mean shear wave velocity (m/s) 670.8 
Standard deviation 31.5 
Number of observations 25 
Table F. 2 Statistical data for surface wave test on base layer of physical 
model 
-F1- 
Frequency 
(Hz) 
Wavelength 
(m) 
Surface 
wave 
velocity 
(m/s) 
Shear 
wave 
velocity 
(m/s) 
Equivalent 
depth 
(%! 2) 
(m) 
% error of 
shear wave 
velocity 
(m/s) 
1033 0.622 642.1 705.0 0.311 6.1 
1098 0.580 637.0 699.5 0.290 5.8 
1221 0.526 642.1 705.0 0.263 5.4 
1242 0.546 677.8 744.2 0.273 5.6 
1324 0.470 622.5 683.5 0.235 5.0 
1346 0.440 592.2 650.3 0.220 4.8 
1486 0.380 564.8 620.2 0.190 4.4 
1528 0.336 513.2 563.4 0.168 3.0 
1562 0.280 437.2 480.1 0.140 2.7 
1591 0.250 398.0 437.0 0.125 2.6 
1657 0.310 513.2 563.4 0.155 2.8 
1681 0.320 537.4 590.1 0.160 4.0 
1705 0.270 460.4 505.5 0.135 3.7 
1726 0.213 367.3 403.3 0.106 4.1 
1738 0.260 451.9 496.1 0.130 3.6 
1750 0.202 353.6 388.3 0.101 3.2 
1852 0.224 414.3 454.9 0.112 2.0 
1872 0.270 506.2 555.8 0.135 3.7 
1953 0.098 191.5 210.2 0.049 2.1 
2545 0.074 188.8 207.3 0.037 2.0 
2863 0.070 200.3 220.0 0.035 1.9 
3156 0.057 181.1 198.8 0.029 2.2 
3417 0.056 191.4 210.2 0.028 2.2 
3662 0.049 181.1 198.8 0.025 1.8 
4125 0.048 198.3 217.7 0.024 1.8 
4500 0.042 189.0 207.5 0.021 1.8 
4974 0.037 182.3 200.2 0.018 2.1 
6137 0.029 180.5 198.2 0.015 2.0 
Table F. 3 Data for surface wave test on two layer system of physical model 
(sand/cement overlain by sand) 
sand I sand/ 
cement 
Minimum shear wave velocity (m/s) 198.2 650.3 
Maximum shear wave velocity (m/s) 220.0 744.2 
Mean shear wave velocity (m/s) 206.9 697.9 
Standard deviation 7.9 30.7 
Number of observations 10 6 
Table F. 4 Statistical data for surface wave test on two layer system of physical 
model. For sand/cement layer, only data below d (refer to Figure 3.33) 
included. 
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Frequency 
(Hz) 
Wavelength 
(m) 
Surface 
wave 
velocity 
(m/s) 
Shear 
wave 
velocity 
(m/s) 
Equivalent 
depth 
(X/2) 
(m) 
% error of 
shear wave 
velocity 
795.0 0.821 653.1 717.1 0.411 5.9 
829.0 0.781 647.8 711.3 0.391 5.7 
839.0 0.760 637.5 699.9 0.380 5.6 
859.8 0.716 615.4 675.7 0.358 5.4 
860.1 0.715 615.4 675.7 0.358 5.4 
870.5 0.735 640.0 702.7 0.368 5.5 
898.0 0.691 620.2 680.9 0.345 5.2 
902.4 0.739 666.7 732.0 0.369 5.5 
911.0 0.720 655.7 720.0 0.360 5.4 
920.1 0.621 571.4 627.4 0.311 4.9 
930.0 0.688 640.0 702.7 0.344 5.2 
930.6 0.637 592.6 650.7 0.318 5.0 
939.0 0.660 620.2 680.9 0.330 5.1 
997.0 0.639 637.5 699.9 0.320 5.0 
1000.0 0.615 615.4 675.7 0.308 4.9 
1000.0 0.627 627.5 688.9 0.314 4.9 
1003.0 0.570 571.4 627.4 0.285 4.6 
1007.0 0.600 603.8 662.9 0.300 4.8 
1012.0 0.540 546.1 599.6 0.270 4.5 
1023.0 0.559 571.4 627.4 0.279 4.6 
1030.0 0.501 516.1 566.7 0.251 4.3 
1035.0 0.440 455.8 500.5 0.220 3.9 
1038.0 0.541 561.4 616.4 0.270 4.5 
1040.0 0.570 592.6 650.7 0.285 4.6 
1050.0 0.564 592.6 650.7 0.282 4.6 
1052.0 0.420 442.0 485.3 0.210 3.8 
1057.0 0.605 640.0 702.7 0.303 4.8 
1063.0 0.449 477.6 524.4 0.225 4.0 
1060.0 0.551 583.9 641.2 0.275 4.5 
1066.0 0.556 592.6 650.7 0.278 4.5 
1071.0 0.399 427.8 469.7 0.200 3.7 
1078.0 0.380 409.2 449.3 0.190 3.6 
1080.0 0.494 533.3 585.6 0.247 4.2 
1085.0 0.459 498.4 547.3 0.230 4.0 
1090.0 0.474 516.1 566.7 0.237 4.1 
1091.0 0.430 469.2 515.2 0.215 3.9 
1093.0 0.500 546.1 599.6 0.250 4.2 
1095.0 0.571 625.0 686.3 0.285 4.6 
1100.0 0.455 500.0 549.0 0.227 4.0 
1101.0 0.476 524.6 576.0 0.238 4.1 
1102.0 0.444 489.3 537.2 0.222 4.0 
1103.0 0.434 479.0 526.0 0.217 3.9 
1104.0 0.409 452.0 496.3 0.205 3.8 
1105.0 0.370 409.2 449.3 0.185 3.6 
1106.0 0.360 398.0 437.0 0.180 3.5 
Table F. 5a Surface wave test on three layer system of physical model 
(sand/cement overlain by sand overlain by sand/cement). 
Data for base layer of sand/cement. continued..... 
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Frequency 
(Hz) 
Wavelength 
m) 
Surface 
ave 
velocity 
m/s) 
Shear 
wave 
velocity 
(m/s) 
Equivalent 
depth 
(An) 
(m) 
% error of 
shear wave 
velocity 
1107.0 0.230 254.8 279.7 0.115 2.8 
1109.0 0.227 251.6 276.2 0.113 2.8 
1111.0 0.225 250.0 274.5 0.113 2.8 
1113.0 0.223 248.4 272.8 0.112 2.8 
1115.0 0.220 245.4 269.4 0.110 2.8 
1117.0 0.217 242.4 266.2 0.109 2.8 
1120.0 0.215 240.6 264.2 0.107 2.8 
1126.0 0.213 239.9 263.4 0.107 2.8 
1176.0 0.210 246.9 271.1 0.105 2.7 
1180.0 0.203 239.5 263.0 0.101 2.7 
1190.0 0.200 238.1 261.4 0.100 2.7 
1193.0 0.197 234.9 258.0 0.098 2.7 
1224.0 0.192 234.9 258.0 0.096 2.6 
1238.0 0.189 233.9 256.8 0.094 2.6 
1256.0 0.183 229.9 252.4 0.092 2.6 
1285.0 0.179 230.2 252.8 0.090 2.6 
1328.0 0.176 233.6 256.5 0.088 2.6 
1353.0 0.170 229.9 252.4 0.085 2.5 
1377.0 0.167 229.9 252.4 0.083 2.5 
1411.0 0.163 229.9 252.4 0.081 2.5 
1415.0 0.159 224.8 246.8 0.079 2.5 
1430.0 0.155 221.5 243.2 0.077 2.4 
1460.0 0.151 220.4 242.0 0.075 2.4 
1480.0 0.148 219.0 240.4 0.074 2.4 
1485.0 0,145 215.2 236.3 0.072 2.4 
1515.0 0.142 215.0 236.1 0.071 2.4 
Table F. 5b Surface wave test on three layer system of physical model 
(sand/cement overlain by sand overlain by sand/cement). 
Data for middle layer of sand. continued..... 
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Frequency 
(Hz 
Wavelength 
(m) 
Surface 
wave 
velocity 
(m/s) 
Shear 
wave 
velocity 
(m/s) 
Equivalent 
depth 
(A12) 
(m) 
% error of 
shear wave 
velocity 
3769.0 0.134 505.3 554.8 0.067 2.2 
4113.0 0.124 510.0 560.0 0.062 2.2 
4353.0 0.116 504.7 554.2 0.058 2.1 
4636.0 0.110 509.2 559.1 0.055 2.1 
4717.0 0.106 500.0 549.0 0.053 2.1 
4856.0 0.104 504.4 553.9 0.052 2.1 
5100.0 0.097 495.6 544.2 0.049 2.0 
5100.0 0.100 510.1 560.1 0.050 2.1 
5700.0 0.088 502.2 551.5 0.044 2.0 
5701.0 0.088 502.3 551.5 0.044 2.0 
5800.0 0.085 493.2 541.5 0.043 2.0 
5801.0 0.086 497.5 546.2 0.043 2.0 
6500.0 0.077 500.4 549.5 0.038 1.9 
7078.0 0.069 489.4 537.4 0.035 1.9 
7256.0 0.069 499.1 548.0 0.034 1.9 
7499.0 0.067 499.0 547.9 0.033 1.9 
8017.0 0.061 489.6 537.5 0.031 1.9 
8182.0 0.060 488.2 536.0 0.030 1.9 
8498.0 0.057 486.1 533.7 0.029 1.8 
8503.0 0.058 496.0 544.6 0.029 1.9 
9000.0 0.055 495.3 543.8 0.028 1.8 
9500.0 0.053 501.7 550.9 0.026 1.8 
9533.0 0.052 497.6 546.4 0.026 1.8 
Table F. 5c Surface wave test on three layer system of physical model 
(sand/cement overlain by sand overlain by sand/cement). 
Data for top layer of sand/cement. 
lower sand upper 
sand/ sand/ 
cement cement 
Minimum shear wave velocity (m/s) 627.4 236.1 533.7 
Maximum shear wave velocity (m/s) 732.0 279.7 560.1 
Mean shear wave velocity (m/s) 690.1 257.6 547.9 
Standard deviation 26.6 12.3 7.5 
Number of observations 16 26 23 
Table F. 6 Statistical data for surface wave test on three layer system of 
physical model. For lower sand/cement layer, only data below d 
(refer to Figure 3.34) included. 
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Two layer system Three layer system 
(sand layer without (sand layer with 
overburden) overburden of 70 mm 
of sand/cement) 
Average measured value 76.4 118.6 
of Gm, for sand (MPa) 
Average mean effective 0.34 0.98 
stress (kPa) 
Average predicted value 129.7 
of G. for sand (N Pa) 
Table F. 7 Effect of overburden on the stiffness of the sand layer. 
Predicted value of G. calculated assuming G. a (p. ')"'2. 
Friction angle of 39° assumed on the basis that the sand was 
angular, well graded and medium dense (Terzaghi and Peck,,! 
1967). 
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APPENDIX G: DATA FROM LABORATORY TESTING CARRIED 
OUT ON SAMPLES TAKEN FROM THE LAYERED 
MODEL 
Layer Density Poisson's P" wave Maximum Maximum Shear 
ratio velocity Young's shear wave 
modulus modulus velocity 
(k¢! m3) m/s) (MPa) (GPa) (m/s) 
1678.5 0.2 904.3 1235 0.51 553.8 
Top 1551.4 0.2 893.7 1115 0.46 547.3 
layer 1691.7 0.2 883.4 1188 0.50 541.0 
(sand/ 1638.4 0.2 912.7 1228 0.51 558.9 
cement) 1665.6 0.2 841.3 1061 0.44 515.2 
1547.1 0.2 798.9 889 0.37 489.2 
Top 1674.7 0.2 916.5 1266 0.53 561.2 
third 1623.1 0.2 818.4 978 0.41 501.2 
of base 1609.0 0.2 861.6 1075 0.45 527.6 
layer 1676.5 0.2 1041.3 1636 0.68 637.7 
(sand! 1627.8 0.2 1016.4 1514 0.63 622.4 
cement) 1673.3 0.2 967.5 1410 0.59 592.5 
Middle 1697.3 0.2 1154.7 2037 0.85 707.1 
third 1720.5 0.2 1136.3 1999 0.83 695.8 
of base 1662.1 0.2 1168.2 2042 0.85 715.4 
layer 1720.2 0.2 1122.9 1952 0.81 687.6 
(sand/ 1741.3 0.2 1089.5 1860 0.78 667.2 
cement) 1714.0 0.2 1141.8 2011 0.84 699.2 
Bottom 1724.1 0.2 1177.1 2150 0.90 720.8 
third 1738.1 0.2 1165.3 2124 0.89 713.6 
of base 1622.9 0.2 1141.6 1904 0.79 699.1 
layer 1702.6 0.2 1084.3 1802 0.75 664.0 
(sand/ 1622.2 0.2 1116.2 1819 0.76 683.5 
cement) 1639.1 0.2 1031.7 1570 0.65 631.8 
Table G. 1 Shear wave velocity results calculated from compressional 
wave velocity measurements 
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Top Top Middle Bottom 
layer third third third 
base base base 
layer layer layer 
Minimum shear wave velocity (m/s) 489.2 501.2 667.2 631.8 
Maximum shear wave velocity (m/s) 558.9 637.7 715.4 720.8 
Mean shear wave velocity (m/s) 534.2 573.8 695.4 685.5 
Standard deviation 26.8 53.6 16.8 33.4 
Number of observations 6 6 6 6 
Table G. 2 Statistical data for shear wave velocity results calculated 
from compressional wave velocity measurements 
Layer Axial Secant Poisson's Shear 
strain Young's ratio modulus 
modulus 
a (GPa) 
0.012 705 0.15 0.31 
Top layer 0.016 674 0.15 0.29 
(sand/cement) 0.020 655 0.15 0.28 
0.019 776 0.15 0.34 
Top third 0.016 1225 0.15 0.53 
of base layer 0.021 1027 0.15 0.45 
(sand/cement) 0.017 1244 0.15 0.54 
Table G. 3 Stiffness results from static compression tests carried out 
on a limited number of specimens 
Top I Base 
Minimum secant Young's modulus (MPa) 655 1027 
Maximum secant Young's modulus (MPa) 776 1244 
Mean secant Young's modulus (MPa) 703 1165 
Standard deviation 53 120 
Number of observations 4 3 
Table G. 4 Statistical data for stiffness results from static 
compression tests 
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APPENDIX H: GEOPHYSICAL BOREHOLE SPECIFICATION 
(i) Set out three colinear holes at nominally 5-7 metre centres. 
(ii) Have available sufficient plastic casing, threaded for flush butt jointing, for three 
boreholes plus three sets of bottom and end caps. Examples of suitable casing are: 
" 100 mm nominal diameter Demco terraline 130 plain casing in 2.9 metre 
lengths 
0 100 mm nominal diameter Boode PVC plain casing in 2.9 metre lengths 
(iii) Drill holes of a diameter that will provide a minimum annular clearance of 25 mm 
when the casing is installed. Sufficient clearance is required in order that the 
casing can still be installed if the ground squeezes prior to installation. Squeezing 
will be more prevalent if ground water is present. It should be made clear that 
holes failing to provide an annular clearance of at least 25 mm are drilled at the 
drilling contractor's risk. In the London clay it is the norm not to case the entire 
depth of the hole during drilling. The depth of the hole drilled should therefore 
allow for cavings. 
The plastic flush jointed casing is grouted into place to ensure good acoustic coupling 
between seismic sources and receivers and the surrounding ground. The method used 
relies on sealed casing displacing grout which flows between the casing and surrounding 
ground. The following steps are carried out: 
(iv) Prepare the first length of casing to be installed into the first borehole by fitting 
an end cap to the base of the first section, sealing with Boswhite or Plumber's 
Mate. 
(v) Prepare a weak grout mix such that the mixture can be poured or pumped using 
a grout pump. This can be roughly quantified as a1: 1 bentonite : OPC mix, 
together with sufficient water such that the consistency resembles that of single 
cream. 
(vi) Fill the first borehole three quarters full with the grout mix, tremiing it to the 
base of the hole so that any water at the bottom of the hole is displaced upwards. 
(vi) Push the capped first length of casing into the hole and fill it with water. 
(vii) Screw on the next section of casing having covered the threaded part of both 
sections to be joined with Boswhite or Plumber's Mate. 
(viii) Push casing into hole and fill with water. 
(ix) Repeat (vii) and (viii) until the base of the first section of casing is at the required 
depth. Depending on the magnitude of the required depth, it may be necessary to 
push the last few sections down into the hole using the drilling rig. If this is the 
-Hi- 
case the top of the plastic casing should be protected. 
(x) Repeat (iv) - (ix) for each borehole. 
(xi) Fit top caps. 
(xii) When the grout has gone off, remove the top caps, cut back the casing to just 
below ground level, replace the top caps and install stop-cock boxes, preferably 
lockable. 
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APPENDIX I: DERIVATION OF EQUATIONS TO ESTIMATE THE 
MAGNITUDE AND RANGE OF THE REDUNDANT BAND 
OF FREQUENCIES WHEN A MATERIAL OF HIGH 
STIFFNESS OVERLIES A LESS STIFF MATERIAL 
Consider a high stiffness material of thickness x metres overlying an infinitely deep less 
stiff layer as shown in Figure I. 1. 
x high stiffness upper layer (1) 
less stiff lower layer (2) 
Figure 1.1 High stiffness material overlying an infinitely deep less stiff layer 
Throughout the derivation the empirical interpretation of an equivalent depth of X/n, 
where n is a constant, is assumed. The following definitions apply: 
G,: maximum shear modulus of the high stiffness, upper layer; 
G2: maximum shear modulus of the less stiff, lower layer; 
p1: density of the high stiffness, upper layer; 
p2: density of the less stiff, lower layer; 
V$ 1: shear wave velocity of the high stiffness, upper layer; 
Vs 2: shear wave velocity of the less stiff, lower layer; 
v,: Poisson's ratio for the high stiffness, upper layer; 
v2: Poisson's ratio for the less stiff, lower layer; 
Cl: factor depending on Poisson's ratio for the high stiffness, upper layer (refer to 
equation [1.14]); 
C2: factor depending on Poisson's ratio for the less stiff, lower layer (refer to 
equation [1.14]); 
Vr 1: surface wave velocity of the high stiffness, upper layer; 
Vr 2: surface wave velocity of the less stiff, lower layer; 
x: thickness of the high stiffness, upper layer. 
At the interface of the two materials the frequency imaging the base of the high stiffness 
upper layer is given by: 
foppe 
V, 
1 
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where: 
X, =nx [I. 2] 
and 
Vr l= Vs l Cl [I. 3] 
hence: 
VS 1 Cl [1.4] (upper 
nx 
At the interface of the two materials the frequency imaging the top of the less stiff lower 
layer is given by: 
V' 
[1.5] flower 
2 
where: 
'X2 =nx [I. 6] 
and 
V2=Vs2 C2 [1.7] 
hence: 
VS 2 C2 [I. 8J flower 
nx 
As the upper layer is stiffer than the lower layer, f, ppe, will be greater than f ,. The range of redundant frequencies Af will be given by: 
f= (upper - flower 
which can be expanded to: 
[I. 9] 
-I2- 
Af= 
V Ci-V: 2 C2 
nx 
[I. 10] 
If Poisson's ratio for both materials is the same, and hence Cl = C2 = C, then equation 
[I. 10] can be simplified to: 
0f_ 
ýVs l- Vs 2) C 
nx 
[1.11] 
Af can also be expressed in terms of G,, G2, p, and p2 by substituting for V, 1 and V. 2, 
where: 
VS = 
(G)2 [I. 12] 
P 
Equation [I. 10] can be re-written as: 
Qf_ 
(G1 p)" Cl - (G2 p1)"2 C2 [I. 13] 
(P1 P)12 nx 
Although equations [I. 10] and [1.11] are simpler and more likely to be of practical use 
than equation [I. 13], the latter is presented here for completeness. 
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APPENDIX J: DERIVATION OF EQUATION TO ESTIMATE THE DEPTH 
TO WHICH STIFFNESS VALUES ARE UNOBTAINABLE 
WHEN A MATERIAL OF LOW STIFFNESS OVERLIES A 
STIFFER MATERIAL 
. 
Consider a low stiffness material of thickness x metres overlying an infinitely deep stiffer 
layer as shown in Figure J. 1. 
x low stiffness upper layer (1) 
d stiffer lower layer (2) 
Figure J. 1 Low stiffness material overlying an infinitely deep stiffer layer 
Throughout the derivation the empirical interpretation of an equivalent depth of X/n, 
where n is a constant, is assumed. The following definitions apply: 
G,: maximum shear modulus of the low stiffness, upper layer; 
G2: maximum shear modulus of the stiffer, lower layer; 
p,: density of the low stiffness, upper layer; 
p2: density of the stiffer, lower layer; 
Vs l: shear wave velocity of the low stiffness, upper layer; 
V$ 2: shear wave velocity of the stiffer, lower layer; 
vl: Poisson's ratio for the low stiffness, upper layer; 
v2: Poisson's ratio for the stiffer, lower layer; 
Cl: factor depending on Poisson's ratio for the low stiffness, upper layer (refer to 
equation [1.14]); 
C2: factor depending on Poisson's ratio for the stiffer, lower layer (refer to equation 
[1.14]); 
Vr 1: surface wave velocity of the low stiffness, upper layer; 
Vir 2: surface wave velocity of the stiffer, lower layer; 
x: thickness of the low stiffness, upper layer. 
Let d be the theoretical thickness for which stiffness values are unobtainable in the lower 
layer. 
The frequency, f, required to penetrate the full thickness, x, of the upper layer is given 
by: 
-J1- 
VII 
[J. 1] 
i 
where: 
Al =nx [J. 2] 
hence: 
f= 
V1.1 
[J. 3] 
nx 
In the absence of the overlying low stiffness upper layer (refer to Figure J. 2), this same 
frequency would penetrate a greater thickness, x', of the stiffer material, where x' =X2/n. 
This arises due to the fact that the surface wave velocity of the stiffer material, V. 2, 
exceeds that of the surface wave velocity of the less stiff material, V,, 1. Re-writing 
equation [J. 1] as: 
x= 
V' [J. 4] 
f 
and given that Vr 2> Vi 1, then it follows that for the same value of frequency f, X2 > 
X1, where X. can be written as: 
'X2 _ 
V. 2 [J. 5] 
f 
There exists, therefore, a zone at the top of a stiff material for which stiffness values are 
unobtainable when that stiff material is overlain by a material that is less stiff (refer to 
Figure J. 2). 
The theoretical thickness for which stiffness values are unobtainable when the low 
stiffness material overlies the stiffer material will be the difference between the equivalent 
depths that the frequency f would penetrate each of the two materials individually, that 
is: 
d=12_11 [J. 6] 
nn 
Now for the overlying low stiffness upper layer 
-J2- 
12 
ys 1. 
Gl 
[J. 7] 
P1 
and 
l/2 
yr 1= 
Gl 
Cl [J. 8] 
P1 
so substituting into [J. 3] for Vr 1, f can be re-written as: 
G" 1 G+ 
P1 1 [J. 9] f= 
nx 
For the stiffer material 
1/L 
ys 2. 
G2 
[J. 101 
PZ 
and 
G1 
jar 2°? 
2 
C2 [J. 11] 
P2 
Substituting for f from equation [J. 9] and Vr2 from equation [J. 11] into equation [J. 5] 
gives: 
G 112 
ý2 = 
V, a= P2 
.nx [J. 12] fG 
P1 
which can be re-written as: 
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Jl2 = 
G2 P1 
12 C2 
.nx 
[J. 13] 
G, Pz i 
Substituting for X2 and X1 from equations [J. 13] and [J. 2] respectively into equation [J. 6] 
gives: 
d=G2P1 
12 CZ 
-1. x 
[J. 14] 
1 P2 
If Poisson's ratio for both materials is the same, and maximum shear moduli G2 and G, 
are written in terms of shear wave velocities V, 2, V, 1, and densities p2, pl respectively, 
then equation [J. 14] simplifies to: 
d=(3 i_1x 
VS i 
[J. 15] 
upper layer of low single layer of higher 
stiffness material stiffness material 
----------- - X' 
: Crýateriat fog wliicK: kMnOss::::::: d 
: ýiiýl: Gesýýre: tiiiötatýiriäýleý:: ":: ": ": ý: ý: ý 
------------- 
lower layer of higher 
stiffness material 
a) Frequency f penetrates full b) Same frequency f penetrates 
thickness x of low stiffness greater thickness x' of higher 
material stiffness material 
Figure J. 2 Effect of low stiffness material overlying an infinitely deep stiffer layer 
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